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SUMMARY

F - the purpose of investigating and compiling specifications for r-f shielded enclo-
sure: 'a general, and in order to evaluate fuily a new and improved takedown, cell-type,
screen room developed by the U. S. Naval Air Development Center (NADEVCEN), the
Bureau of Aeronautics (BUAER) established TED Project No. ADC EL-538, reference (a).

In the course of the project a thorough analysia was made of all available engineer-
ing data obtained from the actual use or shielded enclosures and screen rooms. A com-
plete study was also made of the basic theory of shielding and its application to various
shielded enclosure designs. Shielding effectiveness of numerous eaclosures was tested
over a wide range of frequencies and in the nrereace of various types of fields. Final
evaluation of the NADC-AEEL Takedown Cci. Type Screen koom was completed.

Results of the project investigations and studies include the following:

1. A presentation of the basic theory of shielding in a form suitable for direct ap-
plication to the design and construction of shielded enclosures.

2. The preparation of graphs and tables on the shielding etfectiveness of solid
metal barriers for frequencies from 60 cps te 10,000 mc.

3. The establishment, for the first time, of all the pertinent factors atfecting the
measurement of the shielding effectiveness of shielded enclosures in the preaence of mag-
netic fields, electric fiolds, and plane waves.

4, The development of shielding effc: ..veness test methods that assure repeatable
test results under typical laboratory and industrial plant conditions, yet provide a reason-
able agreement between enclosurc theoretical calculations and actual performance char-

acteristics.

5. The preparation of a service manual on the use, test, and maintenance of shield-
ed enclosures.

6. The compilation of a comprehensive 1list of available reference material on the
construction and use of shielded enclosures.

7. The preparation of a proposed military specification for shielded enclosures and
the presentation of recommendations for the establishmert of standards and specification
requirements for shielded enclosure design, construction, and testing.

8. The promotion of the use and manufacture of cell-typs screen roems and the es-
tablishment of the NADC-AEEL Takedown Cell-Type Screen Room as a standard facility
for laboratories and industrial plants.
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INTRODUCTION

TED Project No. ADC EL-538 was established by Bureau of Aeronautics (BUAER)
letter, reference (a). t» investigate and compile specifications for r-f enclosures and to
evaluate fully the NACL -AEEL Takedown Cell-Type Screen Room. This is a new and
improved shielding enclosure developed and used extensively by the Aeronautical Elec-
tronic and Electrical Laboratory (AEEL) of the NADEVCEN.

Proublem details of the project directive concerned the following:

1. The obtaining of complete data on the shielding effectiveness of the NADC-AEEL
Takedown Cell-Type Screen Room for frequencies from 100 kc to 30,000 mc to supple-
ment data given in a preliminary report, reference (b).

2. The determining of any effects caused by aging or by repeated assembly and
l’ disassembly of the room.

3. Investigating the room's design characteristics in comparison with those of var-
fous other types of shielded enclosures and developing improvements where necessary.

4. Estimating the cost of producing the NADC-AEEL design In comparison with
other types of construction.

5. Determining the proper methods for incorporating accessories such as lights,
filters, forced ventilation, and other services in the room.

6. Issuing a complete set of detailed engineering drawings of the NADC-AEEL de-
sign.

7. Compiling a list of available reference material on shielded enclosures.

This report presents the results of the NADEVCE!! investigation of the above problem
deta'ls. It also presents results of additional NADEVCEN studies and tests which pro-

vided the following supplementary information:

1. The applied theory of shielding in a form suitable for use in calculating the
shielding effectiveness of v .. ivus types of shielded enclosures and various shielding

materials,

2. Graphs and tables to facilitate shielding effectiveness calculations for various
shielding metals.

3. Shielding effectiveness information for frequencies as low as 60 cps.
4. A service manual for cell-type screen rooms.

5. Typical costs of varicus types of shielded enclosures and power line filters;
also a list of shielded enclosure suppliers.

6. A detailed test method (in the absence of any recognized standard method) for
measuring the shielding effectiveness ol shielded enclosures over the entire r-f spectrum
and in the presence of magnetic fields, electric fields, or plane waves.

-l-
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7. Requirements and recommendations for use in the preparation of military spec-
ifications for shielded enclosures.

The NADC-AEEL Takedown Cell-Type Screen Room described in this report rep-

\ resents the end result of a design development started in 1946, reference (b), and kept
active by numerous improvements and by a continuing evaluation based cn actual use of

| the room. The basic room .2sign was originated by Rensselaer Polytectnic Institute,

' reference (c), for use in the shielding of diathermy equipment. The NADEVCEN mod-

l ified the Rensselaer design to adapt the room for general shielding applications ard to
improve its performance. These modifications included: (1) lower impedance bonds be-
tween component panels of the room through the use of an improved method of panel bolt-
ing; (2) provision for bolting floor panels together from inside the room; (3) a completely
redesigned dcor and doorframe with r-f leakproof closure arrangements; (4) improved

| power line filters, with input and output decoupling, and an improved method of filter in-
stallation; (5) provision for entry of various room services such as water, gas, and air

! lines; r-f transmission lires; rotating-shaft motive power; forced-air ventilation.

Design and construction of the NADC-AEEL Takedown Cell-Type Screen Room was
directed toward the following applications:

1. The conducting of radlo interference suppression tests in accordance with the
rigid requirements of military specifications such as JAN-1-225, MIL-1-6181, 18E5(Aer),
16E4(Ships), AN-1-27, etc.

2. The conducting of tests to determ:ne the radio interference susceptibility of
electronic eqjuipment.

3. The r-f calibration and alignment of electronic equipment.
4, Spurious radiation testing of receivers and transmitters.

5. The isolating of test signals to prevent malfunctioning of electronic equipment
outside the test area.

6. Production testing and quality control of electronic equipment in industrial
plants.

During the development program NADEVCEN promoted the use of cell-type screen
rooms; provided technical assistance on screen room problems for the military and for
private industry; and encouraged several manufacturers in becoming screen room sup-
pliers.

e e
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SECTION I
THEORETICAL CONSIDERATIONS

FORMULAS FOR CALCULATING THE SHIEIDING EFFECTIVENESS OF A SINGLE
SOLID METAL SHIELD TO WAVES IN SPACE

General

The following formulas present a summary of the theory of shielding in a form suit-
able for calculating the expected shielding effectiveness of shielding enclosures. The
formulas are included in or derived from material contained in references (d), (e), or
(f). This reference material provides a complete theoretical analysis of transverse elec-
tromagnetic wave transmission as applied to shielding. The analysis considers two cur-
reat filaments encased in a cylindrical shicld (or a point source at the center of a spher-
ical shield) surrounded by free-space conditions. However, the analysis also prcvides
a satisfactory approximation for use in deter mining the shielding effectiveness offered
by plane-surface shields under limited free-space conditions. During the investigations
and tests of this project it was found that inaccuracies resulting from vs- of the approx-
imation are not too prounounced since, in most ,: ictical cases, the signal source is not
in the immediate vicinity of the shield and the pick-up antenna is small in comparison
with the shield size.

The term "solid," as applied to metal shields in this and subsequent sections of the
report, is uced to denote unperforated metal sheet as opposed to screening material and
hardware cloth.

The terms "electric field" and "'magnetic field'" are used in this report to designate
an electromagnetic induction field at a distance from the signal source of much less than
a wavelength. Electric fields and magnetic fields are caused by high- and low-impedance
sources, respectively. In an electric field the electric component is large and the magnetic
component is negligible. In a magnetic field the magnetic component is large and the elec-
tric componert negligible. Referred to the 377-ohm impedance of plane waves, the imped-
ance for electric fields is higher than 377 ohms and the impedance for magnetic fields is
lower than 377 ohms.

Definition of Symbols

R = Total reflection loss in db; i.e., the loss sustained by the incident wave through
reflections from both surfaces of the shield. (Multiple reflections inside the
shield are neglected.)

A = Penetration loss in db; i.e., the absorption loss sustained by the incident wave in
penetrating the shield.

B = A factor calculated in db that compensates for wave reflections inside the shield.
It is applied only when A is less than 10 db.

8 = Shielding effectiveness in db.

= R+ A +B.

= the insertion loss. (See page 25 fcr complete definition of S.)

-3-
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ZS =
Zy =
# =
Fo =
€ =
V =
G =
£ =
A =
a =
B =
w =
r =
rl =
E,H=
t =

REPORT NO. NADC-EL-54129

Intrinsic impedance of metal in vector form.
Impedance of incident wave in vector form.

Relative magnetic permeability referred to free space
= 1 for copper.

w 1000 for ferrous metals at low frequencies.

= 1 for ferrous metals at microwave frequer-~ies,

Permeability of free space.

] 120 7

henries/meter = v

= 1,28 x 10”7

Permitivity of free space

- 8.85 x 10”12 farads/meter & Troy

Velocity of light in free space.

= 300,000,000 meters/second.

={x\.

relative conductivity referred Lo copper.
= 1 for copper.

= 0,17 for iron.

Frequency in cycles/second.
wavelength in meters/cycle.
Attenuation constant in nepers/meter.
—2\1 in radians/meter.

2 i,

Distance from scurce to shiel< in meters.

Distance from source to shield in inches.

Electric intensity in volts/meter and magnetic intensity in amperes/meter, respec-

tively, transverse to the line of propagation.

Thickness of shield in mils.

"




o

Aeronautical Electronic and Electrical Laboratory

REPORT NO. NADC-EL-54129

T = Thickness of shield in meters.
J-ﬁ?— = 376,7 ohms = impedance of plane waves in free space & 120 7 ,
To Fiad R

As indicated in reference (d)
in db (1)

¢ y
Zg =(1+ )56 %93.69x 10" ohms (2)

| Zg| = ,/%‘ x3.69 x 107" ohms (3

R may be zero, positive, or negative, depending on whether the magnitude of the above
ratio is equal to, greater than, or smaller than unity. The corrected total reflection

= R + B (algebraic sum) and it can be zero, or positive, or negative. B can be zero, pos-
itive, or negative, 8 = R + A + B i3 positive and always greater than gero.

To Find Z for High Impedance Source

Considering a very short nonresonant dipole, length<< A, and using the expressions
in reference (e), .

2 3
_"l. _Jl_ A
+ 2 2 * 33
z__g:_rlxzn 47 r 8w r 4)
w H Ve 2
-\ - iA
2 2
27’1‘ 4' r
. 2 2
by itiB- B ®)
jor - P2r2
if r>> ) then Zy, = = 376.7 ohms (6)
if r<<AthenZzy = -ja-el—rohms (\)]
12
- 0.71x10 _ ohms (8)
f ry
B -

| e
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To Find Z, for Low Impedance Source

Considering a very small loop, diameter <« A, and using the expressions in refer-
ence (e)

2
-\ N J A
E 2rr 4 72 r2
Ty Vo X - - (%)
-, N, A
— 77 33
2wr 4rr 8w r
B2.2
wVu, x Br - r__ ohms (10)
1+j r- Bzrz
f r>>\thenZ = Vu = 376.7 ohms (11)
f r< \thenZy = + juu, y ohms (12)
=+)02x 107 1 ry ohms (13)
R for Plane Waves
Substituiing in equation (1), when r>e A
R - 20 1og (VAL x5.60x 1077 4 31602 o (V4Ex 260 x107)]
10 4x VL x3.60 x 107 x376.7 (14)
Because 376.7 ,/“z% x 3.69 x 10”7 for all cases
376.7 G
R=201o 15
810 (x3.69x10-7 VI (15)
6
Gx10 (16)

Rx108.2+10%0g;, ~ 71—

R for Magnetic Fields

Substituting in equation (1), when r << A
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([BE x3.00x 107)? + (B %360 107+ 022100 1)
(1

R=20 logm . ,
ax Bk x3.69x10 x0.2x10° { r,
or
Rw20log,, 0.462 [J‘G‘-‘; v 0.136 S+ 0.354 ] (18)

R for Electric Fields
Substituting in equaticn (1), when r << A

12
f -T\2 ’_y_f_ -7 011x10
(j%_x 3.60 x 10 ) + ( oG X 3.60x10 - —-rl-:l———)z o)

R = 20 logyg
- 12
4x ’LéXS.BQxIO 7XM_%_;X_1_1L

12
0.71 x 10 / -
Because in all cases -“—r__":l > % x 3.69 x 10°7

R = 20 logyq 0.048 x 10°° L 20
10 ¥ ‘3“12 (20)

(21)

R = 353.6 + 10 logyg —g £
fury
To Find A
As indicated in references (d) and (f),

2 (22)

A=3.338x107° xt (iGu

To Find B
As indicated in references (d) and (),

2
Zg - Zy _
e Rk (2

B = 20 logy

which can be expressed as
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2
Zg-2 .
B = 20 logyg l-(ﬁ) x IA b3 (cos 7.68 x 1074 \/guG
10 10

-ysin7.68 x 10°% V4G >| (24)
M A > 10 then B becomes negligible.

ANALOGY OF SHIELDING TO TRANSMISSION LINES

An analysis can be made of the shielding ef{ectiveness of single or double shields
by considering the case to be analogous to discontinuities in a transmission line. Such
an analogy i3 shown in figures 1 and 2. Except for £, the distance between shields in
meters, in figure 2, the symbols in the figures are those defined in the preceding for-
mulas section. For double shields, the metal thickness is assumed to be such as to pro-
vide greater than 10 db penetration loss per shield. In comparisons between single
shields and double shields the metal thickness of the single shield is assumed to be twice
that of the individual barriers of the double shield. The losses in air are neglected.

~o-METAL e
— AIR - - — AIR

-

IN our

FIGURE 1 - Analogy of Single Shield to Transmission Lines

Single Shield

A single solid metal barrier can be represented as shown in figure 1, and all of the
preceding formulas for the expression of R, B, and S can be determined directly by use
of standard transmission-line equations.

—— "ETAL  -amm—— s METAL —u=
—m—— AR — AR - ~AIR ————e—
Z
w
Zy g 2y Zg Iy
| 2 3 4

£  OISTANCE BETWEEN SHIELDS IN METERS
FIQURE 2 - Analogy of Double Shield to Transmission Lines

Double Shield
Two solid metal barriers can be represented as shown in figure 2. The expression

for R is exactly the same 28 in equation (1), the separation of the shields being disregarded

-8 -
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momentarily. There is rno necessity to apply the correction factor B because, as stated
above, the assumed shield thickness is such that the penetration loss A 18 greater than

10 db in each shield and is applied separately for each shield as shown in equation (22).
To obtain 8, howerer, 1! is necessary to correct for the additional reflection caused by
the separation of the shields. This correcticn factor, a satisfactory expression for which
could not be found in any avallable reference material, will be designated as R'. S will
bo expressed asR + A + B + R'.

L)

By use of transmission-line equations the separation between shields can be consid-
ered to consist of a known discont/nuity, such as a trarsmission line of length £ and
known characteristic impedence Zg, inserted in an original transmission line of char-

acteristic impedance 7g. The insertion loss due to reflection becomes R' and can be
calculated in accordance with the following formula developed by NADEVCEN:

Z zw) ‘
R'=101o cos B+ %—(—— +>|sin 81 (25) |
€10 [ B z, ' Zg R ‘
The derivation of this expression is as follows:
Z 4 = Impedance at point (2) of figure 2, looking to the right

ZBcosBﬁ+ijsLn BL :
22 = Zwx ZcosBL + ] Z_ sin BL

Eg = Sending-end voltage at point (2)

E Zz
Es - —
Zs + 22
(E being the open circuit voltage at point (2) if the length £ ot Z were disconnected)
E, = Recelving-end voltage at point (3) of figure 2 with air space present
2

E
S

Z
cos Bf i j—zf slnBl

Er-

E,., = Receiving-end voltage at point (3) without air space

ry

Insertion voltage ratio due to air-space reflection
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2 cos 8L +) 2, sin B4
uid (zs+z, ZgcosSl +)2gsinf] )(COBM 1y, m Bl)

Erz' = _Z_Lcosﬁlﬂzws!n )4
vi, cosfSL +12, 8inf3f

Z, cos 3/ +jz'smﬁl . chosBL +12g8in B
* 27, 22

‘QQ‘Q‘— m—g‘z-+l——sinﬁl,+j sinBl

= cos 8L + (*-z— ;’l> sin B/

R' = Insertion loss in db

Z ZW 2
= 10 log,, [cosBl +% (-z—f; + Z—S-) slnBl]

The above formula i8 an expression for the effect of separating two solid metal shizlds
when the penetration loss In each is over 10 db. This expression can aow be considered
for various types of fields as follows:

For Plane Waves

R = 10 logyg [(cosaf+f;smgz)2 +(;‘gsmaz)2} (20

where

/
a = I\/:;’-' s b=377 and b >>a In all cases.

By differentiating equation (26) it can be shown that R' will be:
b2 ] T 2a
Maximum of 10 loglo—é—z when 81 = [(2n + 1) 5 - arcsin 5 (27
a

indicating 2 gain in shielding effectiveness.

2a
Minimum of -3 db when 31 = [(n + )7 - arc sin T:l (28)

indicating an actual loss i2 shielding effectiveness.

- 10 -
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Because b » a, arc sin “2{- is negiigible. For double-shield enclosures with rela'tlvely
close shield spacing (1 to 4 inches), R’ contributes considerable gain in shielding effec-
tiveness at frequencies below 1000 mc but, as shown {n the formula, maximum and mini-
mum R' can exist only at microwave {requencies, the region where the shield spacing

equals an odd multiple of A/4 and a multiple of A/2, respectively.

For Magnetic Fields

R' = 10 log10 [(cosﬂf- 4-% sin Bﬂ)2 + (;g- sin Bl) 2] (29)

whers
IZSI . b -
a = i D lzwl and b>»a in all cases.

For a spacing of I = 1 inch the formula reduces:
2
( '9/0 3/2)2 1,225 10'9/E x fm”
R' = IOIng 1-1.225x10 #xt + 1. x m

By differentiating it can be shown that there is a

(30)

Minimum of -3 db when

2/3 )1/3 (31)

of®

r-0.408% x 10° x (

For Electric Fields

R' = 10 logyg [(cosﬁl + 2 sinpf)? + (£ sin 82| (32)

2
—

where
Z
a=x '—%I ; b= lzwl and b>-a in all cases.

For a spacing of £ = 1 inch, the formula reduces to

R' = 152.56 + 10 logyg ;—ﬁ— (33)

which indicates that there is no maximum or minimum.

-11 -
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The formula for the reflectlon loss caused by shield separation, as glven in equa-
tlon (25), Is consldered to have been proved experimentally for plane waves 2t micro-
wave frequencies on the basls of measurements mnade at NADEVCEN with the NADC-
AEEL Cell-Type Screen Room. The data are included in this report. In these meas-
urements, the maximum and minlmum reflections caused by varying the spacing of the
two shields were readily determined. Although the -3 db reflection points were not de-
termined quantltatively, there Is no doubt as to their existence since they constitute ir
stances where wave Impedance is exactly the conjugate of load impedance making for
maximum power transfer and representing a transmilssion galn of 3 db as compared
with the transmission at the nonreflection frequency where the two impedances are
equal to one another vectorically.

An attempt was made at 'NADEVCEN to prove the shield separaticn effect of equa-
tion (25) for magnetic fields at low frequencies. Two sheet metal boxes were constructed
to serve as minjature double-shield enclosures, one with the shields separated and one
with the shields touching (zero separation £). The boxes were fabricated from the same
guage metal and each shield of both boxes provided better than 10 db penetration loss.
The two shields were formed into an electrically-bonded laminate for the box with zero
shield separation. Box-wlthin-a-box construction was used for the box with the sepa-
rated shields. The test setup included a magnetic-field source, outside the boxes, and
small pick-up loops inside the boxes. Each loop was connected to mcasuring instruments
located inside a cell-type screen room.

It proved impossible to perform the test because leakage through the screen room
was found to be greater than the leakage through either of the boxes and it was deter-
mined that satisfactory execution of such a test would require much larger (room-size)
enclosures, a stronger signal source, and better shielding for the measuring instruments.
Nevertheless, it is considered reasonable to allow the existence of the -3 db reflection
loss at some low frequency because of the maximum power transfer ccnsideration at the
frequency where the two impeuances are conjugate to each other.

Although equation (25) was developed for solid shields with at least 10 db penetration
loss, some additional reflection loss tests were made using enclosures of 22-mesh
screening material of less than 10 db penetration loss. As before, magnetic fields at
low frequencies were used. Tests were made on two small boxes constructed of screen-
ing material and also on one of the panels of an assembled double-shield screen room.
The boxes were of similar construction to the sheet metal boxes described above and a
similar test setup was used. A pick-up antenna was located inside the screen room for
the test of the screen room panel.

In the tests with the screen room panei, the spaced inside and outside screens were
pushed together {screens touching) and then stretched apart (maximum screen separa-
tion) for comparative measurements. At frequencies as low as 100 kc, a 6-db increase
in shielding effectiveness was produced in going from the screen-touching position to the
maximum screen-separation position. Tests with the screened boxes showed a 10-db
increase in shielding effectiveness for the box with the spaced shields as compared with
the box with the shields touching. The test results indicated that equation (25) apparently
does not apply for screening material of less than 10-db penetration loss. However, the
results were not considered conclusive and, as in the case of the tests with the sheet
metal boxes, the validity of the equation for these fields, frequencies, and materials re-
mains to be tested with much larger (room-size) enclosures. The considerable increase
in shielding effectiveness produced by shield separation for electric fields, as shown in
the formula of equation (25), is considered to be self evident.

-12-
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The preceding formulas (25) through (33) were developed on the assumntion that
penetration loss A in each solid metal shield is greater than 10 db, which is true in
most practical cases under consideration. Where A is less than 10 db, all these formu-
las have to be corrected and the general formula (25) has to be derived by first express-
ing the impedances (looking towaxrd the load at points (1), (2), and (3) of figure 2) in the

general form as follows:

2 = 7, x 2,0t coshrl+zo slnh),l 30
(o Zout slnhrl +2, cosh),l

where

y =a+jf3and Z, » characteristic impedance.

When A is less than 10 db the cal®ulations in equations (1) and (23) for R and B also
require similar correctien for the cases involving two shields. Because of the complex-
ities involved, all of these corrections have not been worked out and new formulas re-
main to be developed for solid metal barriers of less than 10-db penetration loss and for
barriers made of screening material. In developing these formulas it may be found nec-
essary to make several approximations to reduce the complexity of the expression for
the insertion loss caused by shield separation.

. The foregoing analysis of shielding effectiveness has been confined to the various
cases of transverse electromagnetic fields; radial fields have not been dealt with since
they are seldom encountered in shielded enclcsure environments. It can be said, how-
ever, that the shielding effectiveness of an enclosure will be much higher for radial elec-
tric fields than for transverse electric fields and, conversely, shielding effectiveness
will be somewhat lower for radial magnetic fields than for transverse magnetic fields.
(See reference (g) for a limited analysis of shielding effectiveness for radial fields.)
These differences in the shielding effectiveness of an enclosure for transverse and radial
type fields are the result of differences in the reflection loss component alone; the pene-

tration loss component is identical for both types.

CALCULATIONS AND ANALYSIS OF SHIELDING EFFECTIVENESS FOR COPPER AND
IRON SHIELDS

Calculations

The expected shielding effectiveness of copper and iron can be calculeted for use in
the construction of shielded enciosures by means of the formulas presenteu previously.
Calculated data prepared during the investigationa of this project are presented for ready
reference in the following tables (I thrcugh XI) and in figure 8. In the calculations per-
taining to iron, the relative permeability u was taken to be nominal and was based on in-

formation included in references (h), (1), (§), (k), and (1).
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TABL

EI

PENETRATION LOSS - SINGLE SOLID METAL SHIELD

Material Penetration Loss/Mil Thickness
Prequency | Copper Tron (dv)
i p a m Copper Iron
60 cps | 1| 1 [0.17 | 1000 0.026 0.33%
1000 cps | 1 | 1 [0,17 | 1000 0.106 1.37
10 ke 11 0.7 | 1000 0.33% §.35
150 ke 1 {1 0.7 | 1000 1.29 16.9
1 mc 111 |67 700 3.34 36.3
1£ = 111 |07 500 12.9 106.0
100 mc 111 1017 100 33.4 137.0
1500 mc 1 1 0.17 10 129.0 168.0
10,000 mc 111 |07 1 334.0 137.0

Note: Other values of
and 50 at 1000 m

K
c

TABLE II

REFLECTION LOSS (TOTAL FOR BOTH SURFACES) - SINGLE SOLID METAL SHIELD
ELECTRIC PIELDS, WAVE IMPEDANCE >> 377 OHMS
SIONAL SOURCE 12 Z°"HES FROM SHIELD

for iron are 600 at 3 mc, 500 at 10 mc,

Material Reflection Loss
Prequency Copper Iron (db
¢ m a I Copper Iron
60 cps 1 1 0.17 1000 278.7 24.0
1000 cps 1 1 0.17 1000 242.0 204 .4
10 ke 1 1 0.17 1000 212.0 174.0
150 ke 1 | 0.17 1000 176.8 139.0
1 mc 1 1 0.17 700 152.0 116,0
15 me ! 1 0.17 400 116.9 83.1
100 mc 1 1 0.17 100 92.0 64.4
1500 mc 1 1 0.17 10 * .
10,000 mc 1 1 0.17 1 hd *
# Above 100 mc the fields approach plane waves with an impedance of
377 ohms, Sase table III.

Notes: 1. The above table applies for shielding material of suffi-
cient thickness to provide 10 db penetration loss or bet-
ter. If the penetration loss 18 < 10 db, the total re-
Tlection loss has to be corrected by the B factor as
indicated in equation (24),

2. For signal source distances >> or << 12 inches, the re-

flecticn lose must be recalculated using formulas given

in the text,

-14 -
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TABLE I1I1I

REFLECTION LOSS (TOTAL POR BOTH SURPACES) - SINOLE SOLID METAL SHIELD

PLANE WAVES, WAVE INPEDANCE = 377 OHMS
SIONAL SOURCB>2A FROM SHIELD

o teris) Reflection loss |
Prequency Copper Iron {ab
] m [1] m Copper Iron
60 cps ! | 0.17 1000 150.0 112.7
1000 cps 1 1 .17 1000 138.0 100.5
10 ke 1 1 0.17 1000 128.0 90'8
150 ke 1 1 0.17 1000 117.0 78,
1 ac 1 | 0.17 700 108.2 72.1
15 m¢ 1 1 0.17 800 R 62.7
100 me ' 1 0.17 100 o2 60.3
1500 mc ] 1 0.17 10 76.% 23
10,000 me ! 1 S.7 1 68.2 oG}
Notes: 1. The above table applies for shielding material of suffi-

cient thickness to provide 10 db penetration loss or tet-
ter. If the penetration loss 1s <10 db, the total re-
flection loss has to be corrected by the B factor as

indicatsd in equation (2%),
Strong plane waves below 1 mc (with the exception of 550-

to 1600-kc radio broadcast signals) seldom exist in the
vicinity of a shielded rooa.

TABLE IV

REFLECTION LOSS (TOTAL POR BOTH SURFACES) - SINOLE SOLID METAL SHIFLD

MAGNETIC PIELDS, WAVE IMPEDANCE << 377 OHMS
SIGNAL SOURCE 12 INCHES FRUM SHIELD

Material Reflection Loss
Prequency Copper Tron (ab)
g m g m Copper Iron
60 cps | 1 0.17 1000 22.% -0.9
1000 cps | 1 0.17 1000 3.2 0.9
10 ke 1 1 0.17 1000 84,2 8.0
150 ke 1 1 0.17 1000 56.0 18.7
! mc 1 1 0.17 700 64,2 28.1
15 mc 1 1 0.17 400 gs.o 2.2
100 mc 1 1 0.17 100 .2 56.5
1500 mc 1 1 0.17 10 . .
10,000 mc 1 1 0.17 1 U U

# At these frequencies the fields approach 377 ohms in impedance
and become plane waves, See table III,

Notes: 1.

The above table applies for shielding material of suffi-
cient thickness to provide 10 db penetration loss or bet-
ter. If the penetration loss is < 10 db, the total re-
flection loss has to be corrected by the B factor as
indicated in equation (24%).

The reflection loss for iron is zero at 620 cps and at
60 cps is a negative quantity, calculations indicate
that it i1s egain zero at 31.5 cps and then becomes a
rositive quantity for still lower frequencies.

For signal source distances > or k12 inches, the re-
flection loss must be recalculated using formulas given
in the text.

-15 -
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TABLE V
B-FACTOR CORRECTION (IN DB) -~ SINGLE SOLID METAL SHIELD

Shield
Thickness 60 cps | 100 cps 1 ke 10 ke 100 ke 1 mc
(m1ls)
Copper,i = 1, O = 1, Magnetic PFlelds
1 -22.22 «24.31 -28.23 -19.61 -10.34 -2.061
5 -21 030 “220W -‘5083 -60% -0‘55 "‘Oo,u
10 -19.23 -18059 -,0037 -2162 +0.57 0
20 -15.35 -13.77 -5.41 +0.13 =0.10
30 -12. -10.76 ~2.94 +0.5§ )
50 -8. -7.07 -0.58 0
100 ~-4.,24 -2.74 +0,50
200 -0.76 +0.05 0
300 +0.32 +0.53
Copper,ux= 1, G » 1, Electric Plelds and Plane Waves
1 -41.52 | -39.31 -29.38 -19.61 | =10.33 | -2.61
5 -27.64 -25.46 -15.82 ~6,50 =0.55 +0.14
10 -21.75 -19.61 -10.33 -2.61 +0.57 0
20 -15099 -'3‘92 -5037 +Oo]u -0.10
30 -12.73 -10.73 -2.90 +0.58 0
50 -80 ' '6.96 -0'55 +0.”&
100 -4,08 -2.61 +0.51 0
200 -0.62 +0.14 0
300 +0.M +0.58
Iron,u = 1000, G = 0,17, Magnetic Pields
” 1 +0.95 +1.23 -1.60 -1.83
5 +0.9 +0.8 -0.59 0
10 +0.7 +0.4 +0.06
20 +0.35 +0.08 o]
30 +0,06 ~0.06
50 0 0
Iron,u= 1000, G = 0.17, Electric Flelds and Plane Waves
1 -19.53 1743 -8.35 -1.31
5 -6.90 -5.17 +0.20 0
10 -2.56 =-1.31 +0.36
20 +0.16 +0,54% 0
30 +0.58 +0.42
50 +0.13 0

Note: This B-factor correction has to be applied to the reflection
loss values shown in tables II, III, and IV when the total

penetration loss obtained from table I is < 10 db,

- 17 -

S




>
t ™
=]
k=
e
S
(=
D
[
- |
—
]
3]
| Y
R
1)
-]
—
5
el
=
3
3]
=
=]
b
-
(3
(-]
o—
3]
o
3
v
S5
—
b=
]
=
=]
e
-2
<

REPORT NO. NADC-EL-54129

SutptreTys twial

¢

.r H

ﬁ\‘ S°gti (o} ; S°0ot!t 0o°g ot oT3euley 2% ol uo.”.
m 0°%t!l o ﬁ G Ex S 06 ol soAup sueld o) ol F
S L2 o 4 Sty 0° %L1 ol oT33o8TH % ol
(2T o “ Sty o'g ol o13euBey o1 0i
99° xi 90 0+ | OL"E!L 6°0 ot O 3ouBeN ox |
1" 66 o 0°001\ 6°0- 00¢€ ot3eulwy | sdo Qo9
22°¢t mm.o+ _ et 6°0- ol oT3euBey | sdo o3
L gt o "o+ L v€E-o 6°0~ i otjeuBen | sdo 09 uou
9° 1wl ] (o} ﬂ v et 2°got ot saAvp ouwTd ow | aaddop
n.mm. o , v €€ 0°261 ol ota3oed om |
9 (o} “ v tE 2° 49 ot of3euBwy om |
%°0Ct! S o+ 6-21 o°Lit ot SoAUN JUETd o) 06l
2061 S o+ 62t 8°9L1 ot oTI309TH o% 06!
%69 ST o+ 62t 0°9% (]} oT3euBey oX o¢lt
ow..m s o+ 20°01 02" 4n ot op3ouBeN o% ot
| gl get 19°2~ rE° € o°get ol seAUpM BUBTL 2% ot
g€L-2ie 19°2- v € [ AT ol oTI300TH 2% ot
26° an 29°2- | €€ 02" 44 ot oT38uBey °% ol
69° %2 lLolL- 90° | 2°xE ot o3euBwy ox |
25°0¢ to2eto+ 08°L h-22 00t ot3euley [ sdo Q9
(34 2°61- 92°0 § 22 ol or3eulwy | sdo Qg9
2°0 2 23~ 920°C §°22 t oT3eulBwy | sdo 09 Jeddop
(av) (ap) (ap) (ap) (stTw)
Gevy+y = g J030% 1) UOTIRIIUD 88077 UOT300139 ~ P13Td
P~ i, S50 0%y ¢ _ o1 w»a IduUdg 07 UOT3d8 I a.auuwn:a 3o odk Louenbauy | TeTIa3EN

A HOOOMHL I S3"HVI NI CEANIONI VIVA NO QASVE SNOLLVINDIVO SSENIALLOTJIIR ONIQTHIHS TVOIdAL

IA §374dvVyey

- 18 -




Aeronautical Electronic and Electrical Laboratory

REPOKRT NO. NADC-EL-54129

TABLE VII

RELATIVE CONDUCTIVITY, RELATIVE PERMEABILITY, AND PENETRATION LOSS
OF VARIOUS METALS

Metal Relative Relative Pcnet::t}gg &g"/"il
Conductivity | Permeability (db)
Silver 1.05 1 1.32
Copper, Annealed 1.00 1 l.2g
Copper, Hard-Drawn 0.97 1 1.2
Gold 0.70 1 1.08
Aluminum 0.61 1 1.0
Magnesium 0.38 1 0.79
2inc 0.29 1 0.70
Brass 0.26 1 0.66
Cadmium 0.23 1 0.62
Nickel 0.20 1 0.58
Phosphor-Bronze 0.18 1 0.55
Iron 0.17 1000 16.9
T™n 0.15 1 0.50
Steel, SAE 1045 0.10 1000 12.9
Berryllium 0.10 1 0.3
Lead 0.08 1 0.36
Hypernick 0.06 80,000 88.5
Monel 0.04 1 0.26
Ru-Metal 0.03 80, 000 63.2
Permalloy 0.03 80,000 63.2
Steel, Stainless 0.02 1000 5.7

Note:

TABLE VIII

WAVELENGTH OF ELECTROMAUNETIC WAVES
IN COPPER AND IRON

Use equation (22) for penetration loss at other frequencies.

Wavelength
Prequency (Mils
Copper Iron
100 mc 1.64 0.399
10 mc 5.20 0.561
1 mc 16.4 1.51
100 ke 52.0 39.9
10 ke 164 126
1 ke 520 399
100 cps 1640 1260
10 cps 5200 3990

Note:

The above values were calculated by use
of equation (35).
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TABLE IX

REVLECTION LOSS DUZ TO SHIELD SEPARATICN - ELECTRIC PIELDS
T¥O SOLID METAL SHIELDS (1-INCH snwrxoug
VAVE DMPEDANCE >t» 377 OMMS
SIONAL SOURCE 12 INCHES FROM SHIELD

ReMection Loss

Prequency (gb)
Copper Jron
100 mo gz.s6 44,86
l(') ne 2.52 ;E.BB
[ V] 92.5 RY4
100 ke 102.56 64.86
10 ke 112.56 8'86
1 ke 122,56 .86
100 cps 132.56 9 .05

Motes: 1. The penetration loss in each shield is tayen to
be > 10 db.

2. No eleotric field can exist above 100 mc at a
distance of 12 inches from the signal source.

TABLE X

REPLECTION LOSS DUR TO SHIKLD SEPARATION - PLANE WAVES
TVWO SOLID METAL SHIELDS (1-INCH SEPARATION)
WAVE IMPEDANCE = 377 OHMS
SIONAL SOURCE»APROM SHIELD

Reflection Loss

Prequency (db)
Copper Iron
10,000 mc ¢ 68.3 61.6
5000 mc *» 79.2 71.
'?9.06 me EB.I ;533
mc .2 1.
10 me 58.5 24.2
1 mc 48.6 13.8
100 ke 38.6 5.7
10 ke 28.8 2.1
1 ke 19.3 0.7
100 cps 10.7 0.1

® At 10,000 mc small variations in the nominal 1-inch
shield separation from 0,9 inch to 1.2 inch (approx-

imately l%to)‘) will change the reflection loss for

copper from a maximum of 74,2 db to a minimum of -3 dt;
and the reflection loss for iron from a maximum of
66.5 db to a minimum of -3 db,

s At 3000 mc maximum reflection loss will occur when the
shleld separation is reduced to 0.985 inch and will be
79.4 db for copper and 71.6 db for iron.

Notes: 1. The penetration loss in each shield 12 takan to
te > 10 db,

2. Strong plane waves below | mc (with the excep.
tion of 550- to 1600-kc radio broadcast sig-
nals) seldom exist in the vicinity of a shield-
ing rocam,

- 20 -
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TABLE XI

REFLEC PTON LOSS Dt & TO SHIELD SEPARATION - MAGNETIC PIELDS
TWO SOLID »RTAL SHIELDS (1-INCH SEPARATION)
WA /R IMPEDANCE << 377 OHMS
SIGNAL OURCE 12 INCHES FROM SHIELD

Reflection Loss
Frequency (dv)
Copper Iron |

100 mc +64 .8 +36.9
12.3 mc . 0.0
10 mc +34.8 -1.6
8.3 mc * -3.0
1 mc +.8 -0.0
870 ke 0.0 -0.0
550 kc <3.0 -0.0
100 ke -0.34 -0.0
10 ke -0.0 -0.0

1 ke -0.0 =0.0
100 ops -0.0 -0.0

® No readings taken at 12,3 mc and 8.3 mec.

'lotes: 1. No magnetic fields can exist above 100 mc at

a distance of 12 inches from the signal source.

2. The penetration loss in each shie'd is taken to
be > 10 db,

3. Negative db values indicate an actual decrease
in shielding effectiveness.

k., The u for iron was taken as 475 at 12.3 mc and
550 at 8.3 mec.

5. Values indicated as 0.0 represent neglizible
quantities.
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Analysis

Using the basic formulas given in equations (1) through (34), the following analysis
can be made of the shielding effectiveness of various types of shields at various frequen-
cles and in the presence of various types of fields.

1. General

a. Copper and iron are the two most widely-used materials for the construc-
tion ol shielding enclosures. Other metals, such as aluminum, magnesium, brass, etc.,
are sometimes used for certain applications because of considerations of cost, weight
and availability. When using metals other than ccpper, however, the achieving of ade-
quate low r-f impedance seams between mating surfaces becomes more difficult hecause

of oxidation and corrosion problems.
b. Magnetic fields are the most difficult fields to shield against.

c. The wavelength of electromagnetic waves is much shorter in metals than in
free space (table VII) as shown in the following formula:

0.415 (35)

S ra

For this reason "electrically-thin" shields (penetration loss < 10 db) can have actual
physical thickness that is comparable to the waveiength.

2. Single Solid Barriers

a. At 60 cps it is necessary to use 300-mil iron sheet material of x = 1000
and G = 0.17 to obtain 100 db shielding effectiveness. Copper sheet would have to be
3.0 inches thick to provide the same shielding effectiveness.

b. The total shielding effectiveness of 20-mii copper or 20-mil iron sheet
will increase rapidly above approximately 2 mc and will amount to several hundred db
at 10,000 mc. This very high shielding effectiveness at the microwave frequencies is
not really needed, but the sheet thickness cannot be decreased without lowering shield-
ing effectiveness at the low end of the frequency range.

c. Iron sheet with a permeability of 1 = 1000 is superior to copper sheet from
the lowest frequencies well up to 10,000 mc. Above 10,000 mc, however, because the u
for iron becomes unity (while its conductivity remains iower than that of copper), iron
is much inferior to copper in shielding effectiveness.

d. If a shield has to be designed to provide a shielding effectiveness of 100 db
over ag large a frequency range as possible, and if weight and cost of material is not a
limiting factor, it is only necessary to c.alculate for the shield thickness required to pro-
vide 100 db penetration loss at the low end of the frequency range. The total shielding
effectiveness actually produced (including reflection loss and penetration loss) will be
more than 100 db for the entire frequency range considered and will stiil be 100 db at a
frequency somewhat lower than the low-frequency design point. ‘T'he effect of this is to
extend thic low end of the frequency range over which a shielding effectiveness of atleast
100 db can be reaiized. This range extension wili be larger for copper than for iron.
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e. Reflection loss generally can be disregarded in the design of copper or
iron shields if sufficient shield thickness can be provided to afford adequate penetration
loss for the frequency range considered, ana if the design calculations can be confined
to penetration lcss alone. U the penetration loss realized is above the minimuin amount
designed for (100 db, or so0), the losses due to reflection will only add to it. The addi-
tional shielding effectiveness contributed by the reflection loss component will be a mini-
mum for magnetic fields. Consequently, magnetic fields are the most difficult to shield

against.

. The total reflection loss of metals for magnetic fields becomes negligible
at frequencies below 1 kc and actually may be a negative quantity. Any shielding effec-
tiveness realized at these frequencies is due mainly to penetration loss. The total
shielding effectiveness calculated in db is a positive value in all cases.

g. Copper sheet of 20-mil thickness will provide over 100 db of shielding ef-
fectiveness from penetration loss alone at 2.2 mc and above, and a total shielding effec-
tiveness of over 100 db at approximately 500 kc and above. Iron sheet of 20-mil thick-
ness will provide over 100 db of shielding effectiveness from penetration loss alone at
13 kc and abtove, and a total shielding effectiveness of over 100 db at approximately 12 kc

and above.

3. Screening Material

a. The theory and calculations for determining the shielding effectiveness of
solid metal shieids cannot be applied directly to copper scre~ning material without cor-
rections. This is because the impedance of the screening material is always higher than
the intrinsic impedance of solid copper, chiefly due to the effect of small-hole leakage.
However, the theoretical formulas and available calculated values for solid metal shields
can be used to obtain a rough evaluation of the probable shielding effectiveness offered
by screening material and perforated sheet metal. A comparison between actual shield-
ing effectiveness afforded by the NADC-AEEL Cell-Type Screen Room and that calcu-
lated for 10-mil solid copper sheet is shown in the following table:

TABLE X1II

TOTAL SHIELDING EFFECTIVENESS FOR MAGNETIC FIELDS
NADC-AEEL SCREEN ROOM VS SINGLE SHIELD OF 10-MIL COPPER SHEET

22-Mesh, 15-Mil Copper Wire 10-Mi1
Double-Shield Cell-Type Copper Sheet
Frequency Screen Room . Single Shield
db (measured) db {calculated])
10 ke 40 45
150 ke 68 69
1 mc 82 98

These results indicate that the impedance of copper screening is higher than the intrinsic
impedance of solid copper sheet, even at low frequencies. It has been contended by some
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observers, reference (m), that copper screening of not more than 50 percent open area,
and not less than 60 strands per wavelength, has an impedance that approximates the in-
trinsic impedance of the solid metal. However, actual shielding effectiveness obtained
in tests with the cell-type screen room indicate that other factors have to be considered.
In these tests the two 15-mil thicknesses of 22-mesh copper screening approximated the
attenuation of 10-mil rather than 30-mil solid sheet over a frequency range of from 10 kc

to 1 mc.

b. Observers have further contended that copper screening has negligible pene-
tration loss and that the total shielding effectiveness realized is caused principally by re-
flection loss, even at frequencies as high as 30 mc. Tests made during investigations of
this project also show this contention to be in error. It was found that screening material
may be considered to be equivalent to a solid copper sheet of a thickness much less than
the diameter of the individual wires of the screen mesh, the exact relationship being de-
termined experimentally. Table VI includes instances where the total shielding effec-
tiveness is caused principally by reflection loss as, for example, in the case of magnetic
fields and 10-mil copper sheet at 10 kc. However, as shown in the tables and in figure 3,
in all cases above 1 mc the penetration loss becoines a large portion of the total shield-
ing effectiveness because of the several mils involved in the thickness of the material.
The penetration loss component of the total shielding effectiveness increases greatly as
the frequency increases. A similar increase in the penetration loss component should
also exist for screening material.

c. Copper screening will have higher impedance and much less shielding ef-
fectiveness than solid copper sheet if the open area of the mesh is increased, the wire
diameter decreased, or the frequency increased. At frequencies of 30,000 mc and over,
a double shield 0* ?2-mesh, 15-mil copper screening will have very little shielding effec-

tiveness.

d. The intrinsic impedance of screening material of a given metal, mesh, or
wire diameter cannot be calculated by existing formulas. It can be determined experi-
mentally, however, by actual shielding effectiveness measurements using the screening
material in comparison with solid sheet of the same metal. It should be noted that the
intrincic impedance of the screening material will increase with frequency at a much
faster rate than will that of the solid sheet material.

4, Shield Separation for Double Shields

a. The increase or decrease in shielding effectiveness contributed by shield
separation depends on such factors as frequency, wave impedance, type of shielding ma-
terial, distance between shields, and shield thickness.

b. In general, shield separation increases shielding effectiveness for both plane
waves and electric fields; with a considerable increase for the latter. For magnetic
fields, however, shield separation may actually produce a 3-db decrease in shielding ef-
fectivenes., at some low {requencies

c. At microwave frequencies, the field can be considered to be that of plane
waves and at various frequencies within this region a nominal shield separation of 1 inch
will afford maximum shielding effectiveness when the separation becomes an odd multiple
of quarter wavelengths. However, there will be a 3-db decrease in shielcing effectiveness
when the shield separation becomes a multiple of approximate half wavelongths,
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d. The shield separation distance for cell-type copper enclosures ls usually
1 inch. The effect of increasing the shield spacing to 4 inches, for example, can be cal-
culated by means of equation (25). Essentlally, the effect of increasing the shield spac-
Ing s to shift (by a factor of 1/4) the particular microwave frequencies where maximum
and minlmum shlelding effectiveness takes place for plane waves, and also to shift (by a
factor of 1/2) the particular frequency in the low-frequency region where minimum
shlelding effectiveness takes place for magnetic flelds. However, Increasing the shleld
spacing does not substantially affect the over-ail shlelding effectlveness.

e. Although experimental proof is lacking, there are indications that at low
frequencies (below 1 mc for copper and below 12 mc for iron) cell-type enclosures are
superior in shielding effectiveness to isolated-shield enclosures by about 3 db when both
types are constructed of solid sheet material affording better than 10-db penetration loss
per shield. Any differences in shielding effectiveness between the two enclosure types
caused by the use of solid sheet materlal affording less than 10-db penetration loss per
shield, or by the use of screening material, remain to be determined.

{. At intermediate frequencies, the double-shield members of a cell-type
screen room are not effectively isolated because the width of each of the room's panels
Is of the order of a wavelength. The shielding effectiveness of the cell-type room is
somewhat less than that produced by the isolated-shield type, but is nevertheless ade-
quate because of the considerable amount of shiclding effectiveness contributed by pene-

tration loss alone at these frequencies.

g. At microwave frequencies, the double-shield members of a cell-type screen
room are effectively isolated because the width of each of the room's panel sections is
much larger than a wavelength. At these frequencies shield separation contributes about
the same amount of shielding eifectiveness for both cell-type and Isolated-shield type

screen rooms.

5. Construction Considerations

a. Shielded rooms constructed of solid iron sheet theoretically should have
higher shielding effectiveness than those constructed of copper. However, because of the
difficulties of achieving adequate seams in iron, the shielding effertiveness actually real-
ized from iron rooms may be lower than that obtained from copper rooms.

b. From a practical standpoint, the spaced double-shield construction of the
cell-type screen room offers A :xtra margin of safety over the single-shield type of
room in instances where one of the screens is accidentally punctured.

DEFINITION OF SHIELPING EFFECTIVENESS AND ANALYSIS OF TEST CONDITIONS

Definition

Shielding effectiveness S is properly defined as the insertion loss (in db) in power
sustained by an electromagnetic wave at a given point in space when a metal barrier is
inserted between the transmitting source and that point. The definition is illustrated in
fignre 4. Under this definition, the wave impedance at the point of measurement remains
the same with the barrier in or out of the signal path and, for this reason, the same shield-
ing effectiveness will be obtained regardless ot whether the ratio is taken of real powers,
apparent powers, voltages, or currents. The definition is predicated on the conditions
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that: (1) the insertion of the metia Larrier does not affect the impeda o of the source,
(2} waves leaving the barrier by retisction or transmission do not ret n, and (3) the
barrier thickness Is very much smaller than the distance from the tr  smitting source
to the barrier.

Therefore, as shown in figure 4,

?
E
a
El ) Zl
S =10 log =1 =10 log - B
10 e F' ~ 2 - 2
P S 8
2
VA +Z2)2.]
=1onogl 100 41 ’
Zl Z'2
Z,+2,)°
= 20 log 1 2 + 20 (penetration loss)
10 4Zl ZZ

R = the iotal reflection loss at surfaces (1) and (2) and is equal to

(Z,+2 )2 /4
R = 20 log 1 _2 = approximately 20 log 1
10 (42 2 10 | Z
172 2
Thervefore
S=R+A

Also, because the wave impedance on both sides of the barrier is the same, S can be cal-
culated as:

E E |
S = 20 log 1/ 520 log N
10 (Zl+ ZZ)
2
(Z +Zz)
=20log |12 [ 4+20
10 | 4z, 2z,

As well as:
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S=20l0g,, Hy 20" 8y E, | 4%,%,
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7 10 (21032) |

1

(Z, +2,)
l. 2 "\;3

= 20 log -

101 4°, 2,
Similarly, the reflection loss cor ponen.. R(l) and R(z)' at susiaces 1) “ad (7, res;oc-
tively, will be equal to each othe and equal to:

R,y = 10 log + u =10 log e
(1) 10 | E,H, 0|4z z,
E H y 2
R, = 10 log 4 41 101 (Zy . 29
mn (0] F Og e S
(2) 10 | E H, 10 42,2,
therefore R(l) -R(z)
Because 9
e (Z,+2,) (Zy +Zg)2
() *Rig =108 | 777 | 1018 T4z 2
1“2 ! 1“2
2
(Zl + 22)

=01logyy | 4z 25

then R(l) +R(2) =R

The impedance of the incident wave Z.; changes as the wave is penetrating the metal
barrier and assumes the impedance of the metal itself, Z,. However, after the wave
leaves the barrier it assumes its original impedance. This impedance may be very low
for magnetic fields (low source impedance), very aigh for electric fields (high source im-
pedance), and may amount to 376.7 ohms (the impedance of free space) for plaze waves.
In practically all cases, however, the impedance of the wave is higher than the impedance
of the barrier. As stated previously in the insertion-loss definition of shield-effective-
ness, the wave impedance at the load (point of mmeasurement) does not change and, there-
fore, in shielding effectiveness tests it is not necessary to make power measurements be-
cause voltage measurements made under the same conditions will provide the same de-
gree of accuracy and are simpler to perform.
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FIGURE 4 - Illustrating the Shielding Effectiveness of a Metal Barrier
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In making shi2lding «fectiveness tests the voltage induced in the pick-up antenna is
first measured with tiie bar:ier in effect removed from the signal path, and with the pick-
up antenna located at a distance sufticien!!v removed from the »ignai source so as not to
affect the impedance o1 the source or the incident wave. The barrier is then inserted be-
tween source and pick-up 2ntenna and is <o pesitioned that the Q, effective height, and
impedance of the pick-up antenna are rclativcly ‘niallected by the shield's nro:dmiiy. The
lowered induced voltaze of the pick-up antenna is then measurod and the shielding effec-

tiveness equals:

S = 20i 1
xogm

vhere

ey = voltage induced in pick-vp antenna with barrier removed

€9 = voltage induced in pick-up antenna with barrier inserted.

Shielding Effectiveness Test Conditions

The foregoing insercion-loss definition and discuscion of shielding effectiveness is a
theoretical presentation which considers a metal barrier under {ree space conditions.
This situation can never be realized fully in practical shielding applications, and there-
fore the test method for insertion-loss testing of shielding enclosures and screen rooms
is designed for the actual conditions existing inside and outside enclosures in typical lab-
oratory and industrial plant environments. These actual test conditions of necessity con-
stitute wide deviations from the theoretical conditions. Chief among the deviations are

the following:

1. Inside a shielding enclosure the medium immediately beyond the barrier is not
free space and waves can be returned to the barrier by reflection. The enclosure may
become a cavity resonator at several frequencies depending on its shape and size.

2. Free-space conditions rarely exist on the outside of the enclosure and reflections
of the incident wave can be returned to the barrier.

3. It is practically impossible to subject an entire enclosure or screen room to a
homogeneous field produced by a power{ul source located a great distance away, and con-
sequently, nonhomogeneous fields {rom relatively close sources generally must be used.
In some instances, portions of a room must be tested separately.

4, It is generally impractical to literally remove a shielding enclosure or screen
room {rom the signal path for "in'' and "out" insertion-loss measurements.

Despite the above deviations from theoretical conditions, the insertion-loss concept of
shielding effectiveness can produce a close correlation between the theoretical calculated
values and the measured values obtained in actual tests if proper test procedures are em-
ployed. Section HI of this report presents specific shielding effectiveness test procedures
which take into consideration all of the deviations listed above. Section Il also includes
information for the elimination or large reduction of test-setup systemic errors such as:
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1. Wave penetration of test instrument cases and transmission line shields.
2. Nonlinearity of detectors at various signal levels.

3. Changes in input impedance of the instruments.

4. Changes in the impedance and effective height of the pick-up antenna.

5. Variations in vave impedance in the vicinity of shielding enclosures and screen
rooms caused by changes in distance relative to the wavelength between signal source

and enclosure.
6. Nonlinearity of attenuators used in the test setup.

7. The effect of positioning the transmitting and receiving antennas with respect to
the various seams of the enclosure.

8. Reflections and resonance conditions inside the shielding enclosure influencing
the voltages induced in the pick-up antenna.

DESCRIPTION OF INSERTION-LOSS SHIELDING EFFECTIVENESS TEST AND COMPAR-
ISON WITH "ATTENUATION" TEST AND SURFACE TRANSFER IMPEDANCE TEST

Of the several methods used or propesed for testing the shielding effectiveness of
shielded enclosures and screen rooms, it is felt that the insertion-loss test developed
under this project offers the closest correlation between results obtained irom theoret-
ical calculations and those obtained in tests of actual enclosures under typical laboratory
conditions. The basic features of the test are presented below. (See Secticn I of this
report for complete test procedures.) Two other test methods, the "attenuation' test and
the surface transfer impedance test, are also described for comparison purposes. How-
ever, these latter methods are not recommended for the reasons given.

Insertion-Loss Test

The insertion-loss test can be applied to shielding enclosures and screen rooms of
either single- o1 double-shield construction. The basic test procedure is illustrated in
figures 5 and 6. In applying the arrangement of figure 5 to actual test procedures, dis-
tance d; is made much less than 1/6 of the wavelength (57) for electric fields and mag-

netic fields, and is made as large as possible (within power limits of the signal source)
for plane waves. Distance dg is made iarge enough to prevent the characteristics of S§,

A,, or the incident wave from being affected. Distance d3 is made large enough to pre-
vent the characteristics of SS and the incident wave from being affected. Distance d 4 is
made just large enough to prevent the characteristics of aj fré)lm being affected. Distance
d5 is made equal to Dl' The insertion loss in db = 20 log10 ?2.' Measurements at ey

and eg can be measurements of real power, apparent power, voltage, or current; all will
give the same results in db because the wave impedance at A 1 and Ag is the same. In

measurement step ey, barrier B (the enclosure) is utilized to shield the measuring instru-

ments, but is otherwise effcctively removed from the signal path.
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B
€
ss ) f
- t
X —- -y
d d;
B
€2
13 A2 ”
Gy ds 2
i e |
83 = Signal source ' ds !
A‘ = Pick-up antenna location for measurement e,
A,‘, = Pick-up antenna location for measurement e,
B = Barrier (enclosure shield; single- or double-shield ‘

type)
e, = Pirst measurement (barrier removed)

e, = Second measurement (barrier inserted) .

NOTE: d, through d5 represents respective distances shown

PIGURE 5 - Insertion-Loss Test - 150 k¢ to 20 mc and 1000 to 10,000 mc

The conditions of figure 5 can be readily establiched for electric fields and magnetic
fields, the predominant fields in the vicinity of shielded enclosures up to about 20 mc, and
also can be established for plane waves in the microwave region from 1000 to 10,000 mc.
Shielding effectiveness values based on measured values for ej and ep may differ some-
what from calculated values based on the theoretical formulas of figure 4, and on those
given previously, but a reasonably close agreement can be obtained if the previously men-
tioned deviations from theoretical conditions are kept to a minimum by proper test meth-
ods. In the 1000- to 10,000-mc region, measurement of the incident wave at e] requires

the use of directional antennas (for both signal source and receiver) to beam the signals

to the enclosure and thus prevent standing waves which otherwise would be caused by sig-
nal reflections in the test area. When measuring the shielding effectiveness of double-
shield enclosures at these frequencies, the shield-separation distance £ should be varied
(or the frequency varied) sufficiently to make £ become alternately an odd multiple of /4
and a multiple of A/2. Theoretically, the total reflection loss R at the two outside sur-
faces of two solid copper sheets is 68 db at 10,000 mc. However, as discussed earlier, R'
can increase this 68-db reflection loss by an additional 74 db when £ becomes an odd mul-
tiple of A\/4, and cn decrease it by 3 db when £ becomes a multiple of A/2. These changes
in reflection loss must be noted carefully when making shielding effectiveness measure-

ments.

The conditions of figure 5 cannot be established for plane waves at frequencies from
20 to 1000 mc because of power limitations of the signal source and because of the un -
avoidable existence of standing waves on both sides of the barrier (both inside and outside
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the enclosure). Although true incident-wave measurements cannot be made for these
frequencies, a satisfactory approximation of the ratio of incident wave to the wave inside
the enclosure can be obtained by means of the procedure illustrated in figure 6. In meas-
urement steps e; and e of this figure, maximum readings are ‘aken of the existing stand-

ing waves, inside and outside the enclosure, without changing the distance from signal
source to shield.

83 = Signal source

Ay = Pick-up antenna location for measurement e, (should be
point of maximum reading within distance d2, but not
closer than 2 inches from barrier)

Ay = Pick-up antenna location for measurement e, (should be
point of maximum reading)

B = Barrier (enclosure shield; single- or double-shield type)
dy 2 22

d, = My

d3 = any distance for maximum reading inside enclosure, but

not closer than 2 inches from barrier to prevent ca-
pacitive coupling

ey = First measurement
e, = Second measurement
FIGURE 6 - Modified Insertion-Loss Test - 20 to 1000 mc

""Attenuation' Test

Sume investigators define shielding effectiveness as 'attenuation'' loss and measure

it by taking the ratio (in db) of real powers, apparent powers, voltages, or currents on the
outside and inside of the shielding enclosure. The test procedure is illustrated in fig-

ure 7. (Compare with insertion-loss test setup of figure 5.)

In the arrangement shown, dy is made much less than 1/6 of the wavelength ('2')‘;;') for

electric fields and magnetic fields, and is made as large as possible (within power limits
of the signal source) for plane waves. Distances dy and dg are not specified distances, but

are usually made equal to each other and as short as possible. Distance dg is equal to dy
plus d2, since the same signal source-to-barrier distance is used in measurement stepse

ey and ey. Therefore, distance dg is larger than d;. The "attenuation™ in db = 20 1°g10e—2-
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B
88 A‘ 01
X = -
d, d;
8
)
<s A,
X = e X
d, d,
[ — aad
1 ]
dg

SS = Signal source

Ay = Pick-up antenna location for measurement e,
Ap = Pick-up antenna location for measurement eo

Ba= Barri).er (enclosure shield; single-or double-shield
type

ey = Pirst measurement
e, = Second measurement

NOTE: d, through d5 represents respective distances shown

FPIGURE 7 - "Attenuation" Test

This test method suffers from impedance changes and variations in signal strength
at the measurement points caused by several uncontrolled variables in the test setup. In
such a test, "attenuation" values will vary greatly for slight variations of some of the
test-setup distances. Distance dy, for example, is very critical and can greatly affect the

impedance of the incident wave, for electric fields and magnetic fields, and can affect the
strength of the received signal for all types of fields. A too short dg can change the char-

acteristics of the pickup antenna and may introduce capacitive coupling between the anten-
na and the barrier. (These latter conditions also apply for distance d4 which, as stated

above, is made equal to dg.) The presence of standing waves further emphasizes the crit-
ical nature of d9. Under standing wave conditions, an arbitrarily-chosen distance for dy
can preduce either maximum or minimum readings in measurement step e;. When these
are compared with readings obtained in measurement step ey, the ratio of the readings can
indicate either a very high or very low "attenuation," neither of which represents the true
effect produced by the barrier.

A major defect in the tes\. setup concerns the increase in the distance from signal
source to pickup antenna which results in going from measurement step e; to eg. (See dy
and dg of figure 7.) While the effect of the increase is not too serious in instances where
dj is large, it is an important factor in instances where dj is relatively short, e.g., for

electric fields and magnetic fields. Here the effect of the incre se becomes noticeable
and produces a measurable reduction in signal strength not a: .gnable to the effect of the

barrier.
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From the foregoing, and from theoretical calculations based on transmission-line
analogies, it is evident that this method is not adaptable for standardized testing calling
for repeatable results. Furthermore, it can be shown that the ""attenuation' obtained
will vary depending upon whether ratios of real powers, apparent powers, voltages, or
currents are being measured. For cases where the pickup antenna is relatively close to
the barrier, these variations can be readily demonstrated by applying the equations of
figure 4 as follows:

Real Power Ratio

Pl>ne Waves -

Z o
"Attenuation' = 1/2 (20 lOglo : 1 ) +A+10 loglo cos 45 ,
2 cos 0°
which is much lower than the insertion loss.
Electric Fields -
cos 45°

3

: Z, y?- 28y
"'Attenuation’ = 1/2 (?.0 logyg '4 - + A + 10 logyo LE
9 +

which can be much higher than the insertion loss.

Magnetic Fields -

cos 45°
8373-267

>+A+ 10 logw /;—36—7—6—
Yl +

Z
“Attenuation" = 1/2 <20 loglo '— .
42
2

which can be much higher than the insertion loss.

Apparent Power Ratio

Z

__1_>+A

47Z9

""Attenuation' = 1/2 <20 logy ,

which is much lower than the insertion loss.

Voltage Ratio
"Attenuation'" = A - 6 db

which is much lower than the insertion loss.
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current Ratio

- —

Z
"'Attenuation” = 20 logjq , e

l’voGdb
2

which is of the same order as the insertion loss.

NOTE. For greater antenna-to-barrier distances, the mathematics becomes much more
‘wvolved but the same variations in "attenuation’ will be evident.

Surface Transfer Impedance Test

Some investigators advocate a surface transfer impedance test for determining
shielding effectiveness, With this method, a constant r-f current is impressed on the in-
side curface of the shield-enclosure as the frequency is varied. The r-f voltage on the
outside surface of the enclosure is then measured and the actual voltage measurement is
taken as the surface transfer impedance and represents the shielding effectiveness of the
r.etal, i.e., the lower the voltage the higher the shielding effectiveness. The surfacetrans-
fer impedance method offers the following advantages:

1. Radiating and receiving antennas are not used.
2. Wave reflections are not present.
3. Wave impedance does not have to be considered.

4. All joints, seams, ard discontinuities of the entire shielding enclosure . .e tested
simultaneovsly.

Disadvantages of the surface transfer impedance method are as follows:

1. The method measures penetration loss only and does not evaluate the amount of
reflection loss present at the outside and inside surfaces of the enclosure. Although pen-
etration loss is generally the major factor in shielding effectiveness, it is not the major
factor for instances where the enclosure shields are "electrically thin," or for frequen-
cies below 1 mc. For example, the penetration loss provided by 10-mil copper sheet at
150 kc is 12.9 db as compared with its total reflection loss of 176.8 db for electric fields,
117.0 db for plane waves, and 56.0 db for magnetic fields.

2. Measurements of surface transfer impedance cannot be expressed in db unless
measured values are referred to a standard shielding material.

3. The method cannot be used readily above 19 mc because of the difficulty of obtain-
ing sufficiently high r-f currents at ‘e higher frequencies.

4. The method places the signal source inside the enclosure and the measuringequip-
ment outside. The measurement of low r-f voltages on the outside of a shielded enclosure
is frequently hampered by the presence of unavoidable high ambient interference.
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SECTION 11

SHIELDED ENCLOSURE DESIGNS AND NADC-AEEL
TAKEDOWN CELL-TYPE SCREEN ROOM

ENCLOSURE DESIGNS

In general, shielded enclosure designs fall into two categories: the permanently-
constructed non-takedown type, and the takedown type. Both types are adaptable to either
single- or double-shield construction and double-shield takedown types can be built uvsing
either cell-type or isolated-shield type construction. For practical reasons, the cell-
type takedown enclosure is currently favored and is available commercially from numer-

ous suppliers.

Non-Takedown Type Enclosures

The non-takedown type of shielded enclosure is comprised of a permanently-con-
structed complete wood framework to which is attached metal sheets or screening maie-
rial. The enclosure thus formed is an integral unit with the wood members nailed, dow-
elled, or screwed together and with the metal sheathing soldered or welded at the seams
and joints. The initial cost of non-takedown enclosures may be lower than that for the
takedown types, but the saving in cost is frequently nullified by early obsolescence. Ob-
jections to the non-takedown type enclosures are as follows:

1. Non-takedown enclosures cannot be taken apart successfully for relocation or
storage. Attempts to dismantle enclosures of this type generally result in irreparable
damage to the over-all structure, whether the enclosure is taken apart in large sections
or is reduced to its original component parts. Dismantling of these enclosures for mate-
rial salvage is usually not worth the labor cost invclved. For these reasons, non-take-
down enclosures are often abandoned after their initial purpose has been served and per-
form no further service except, possibly, as material storage compartments. Many plants
and laboratories have several such ""dead soldiers' on hand.

2. The construction of non-takedown enclosures does not lend itseif to commercial
production and transportation methods, and manufacturers have expressed little interest
in this type of equipment. Non-takedown enclosures are therefore constructed right in the
plant or laboratory areas where they are to be used. In many instances they are built by
personnel (carpenters, sheet-metal workers, maintenance men, etc.) unacquainted with
the particular constructional demands of the shielding art. For these reasons there has
been little standardization of design and construction for this type of enclosure and speci-
fication requirements have never been coordinated.

3. The soldering or welding of the seams of non-takedown enclosures is a critical
operation which must be performed by skilled personnel. A good solder joint, for example,
can produce a perfectly adequate low r-f impadance bond for shielded enclosure work, but
a peor joint (which may not be detectable by cursory visual inspection) can constitute a
serious discontinuity in the enclosure shield and greatly reduce shielding effectiveness.

If acid- or salt-content flux (flux of this type should never be used in shielded enclosure
work) has been used in the soldering operation, corrosion will result and the joint will de-
teriorate with age. A clean metal-to-metal contact under adequate pressure, such as is
used for panel joints of takedown type enclosures, can produce a much lower r-f imped-
ance bond than a poor solder connection. (See reference (n).)
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4. Maintenance and repair work on non-takedown enclosures is often made all but
impossible because of the inaccessibility of the areas affected. Deterloration with age
is therefore much more of a factor for non-takedown enclosures than for the takedown
types. Simiiarly, the correction of post-construction defects is largely precluded. (See
reference (o) for a typical instance where enclosure defects developed after completion
of construction.) Modification of completed enclosures is also extremely difficult.

Takedown Type Enclosures

L ]

Almost all takedown types of shielded enclosures and screen rooms are made up of
individual prefabricated panels which are bolted together to form the floor, walls, and
ceiling. A door and doorframe panel is also included. The individual panels generally
take the form of a braced rectangular frame covered with copper screening material or
sheet metal. The basic panel design lends itself readily to single- or double-shield con-
structivn and the latter type can be adapted to either isolated-shield or cell-type arrange-

ments.

Wood 1s the usual material for the panel frames. In panel fabrication the shielding
material is folded over the edges of the frame periphery and metal-to-metal contact be-
tween the prefabricated panels is achieved when pane! edges are bolted together to assem-
ble the enclosure. The inherent resiliency of the panel wccd {ramework makes for effi-
clent bolting-pressure distribution and misalignment takeup at joints between panels and
contributes greatly to the achieving of low r-f impedance bonds between the enclosure
components, Panels with metal frames have proved unsatisfactory thus far.

The takedown type of shielded enclosure possesses.the following advantages which
just about remove ail the objections raised for the non-takedown type.

1. Takedown enclosures can be assembled or disassembled as the occasion de-
mands, with little or no deterioraticn of the enclosure component panels. Enclosure com-
ponents can be transported or stored readily and storage and transportaticn space re-
quirements are relatively small. Consequently, takedown enclosures do not have to be
discarded when laboratory or plant facilities are changed or moved.

2. Takedown enclosure production is readily adaptable to commercial fabrication
and shipping procedures. The presently-accepted basic design includes numerous stand-
ardized features, as regards construction details and materials, and has stimulated con-
siderable interest and development work on the part of manufacturing concerns. At least
seven manufacturers of screen rooms and enclosures have been established since 1947.
NADEVCEN was instrumental in establishing Specification No. MIL-S-4957(Aer), refer-
ence (p), for use in the procurement of large numbers of shielded enclosures. The spec-
iffcation is based on the design and construction details of the NADC-AEEL Takedown,
Cell-Type Screen Room and over 1000 enclosures of this type have been manufactured and

sold in the last 4 years.

3. Takedown enclosures can be assembled or disassembled quickly by relatively un-
trained personnel. Enclosures of this type can be disassembled and reassembled in an-

other location in one day's time by two workmen.

* The term takedown is used to indicate the assembly and disassembly feature of this
type of enclosure. Takedown enclosures are only portable in a knocked-down form.
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4. Inspection, repair, and maintenance operations are greatly facilitated by the
pane;ed construction of takedown enclosures. U necessary, a panel can be removed from
an assembled enclosure to a workbench for repair operations and a severely damaged
panel can be repla.~d with a duplicate procured from the enclosure manufacturer. All
panel joints are readily accessible for Inspection and cleaning. Test experience has
shown that panel joints should not require cleaning more than once every 3 years. (The
first screen room producea in accordance with the NADC-AEEL takedown, cell-type de-
sign is still in use and its shielding effectiveness has decreased less than 4 db in 7 years

of continuous service.)

5. Takedown enclosures offer many possibilities for new designs and allow for mod-
fications of existing designs. This enables existing models to be brought up to date by
the addition or substitution of improved or newly-developed fittings and materials and
permits changes in basic designs for special purpose applications.

6. The length dimension of a takedown enclosure is variable and the enclosure can
be made longer or shorter by the simple expedient of adding or subtracting the proper
number of floor, wall, and ceiling panels.

7. Takedown enclosures of cell-type cunstruction permad the ready entrance of var-
fous services such as gas, water, and air lines, forced-air ventilation ducts, rotating-

shaft motive power, etc.

8. The higher initial cost of takedown enclosures is more than compensated for by
their long service life, functional versatility, and low maintenance costs.

Cell-Type Versus Isolated-Shield Construction

Although the shielding effectiveness of isolated-shield type takedown enclosures is
slightly superior to that of cell-type enclosures for :ertain fields and frequencies, the
latter type has become the accepted standard because of numerous construction advan-

tages. These include the following:

1. Half the number of electrical joints are involved and the metal-to-metal contact
areas are nearly doubled.

2. Half as much wood framework material and half as much panel-mounting hard-
ware (bolts, nuts, and pressure plates) are required; panel weight also is halved.

3. Panel fabrication costs (material and labor) are reduced ccnsiderably.
4. Panel fabrication time and enclosure erection time are greatly reduced.

5. Less maintenance and repair work is required and much less work time is in -
volved.

Cell-type construction can best be explained by a description of the basic construction
of one component panel of a cell-type screen room. Each such panel is essentially a thin,
box-like, 6-sided screened cell some 7 or more feet long, 30 or more inches wide, and

1 inch thick. (The 1-inch dimension is exclusive of the exposed wood frame-work.)

In fabricating a cell-type panel two rectangular, braced, wood frames (similar in ap-
pearance to full-length window screen frames) a-e constructed of seascned pine lumber,
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one of 1- by 2-inch material and the other of 1- by l-inch material. Each frame is faced
on one side with copper screening, the length and width dimensions of which are several
inches larger than the frame. The screening is attached to the frames by tacks (or wood
screws), the heads of which are electrically bonded to the screen material by soldering.
The two frames are next permanently fastened together with the screened surface of one
in contact with the wood framewoik surface of the other. The composite panel frame thus
formed has one outside screened surface, an inner screened surface (sandwiched in be-
tween the two frames) and a final outside surface of exposed wood framework. This ex-
posed wood framework contains holes for bolting panels together to form the room.

In the final stage of panel fabrication, the protruding edges of the two screen layers
are folded over in a 2-ply overlap on the panel frame periphery and tacked down. This
operation transforms the 2-screen panel into a 6-sided screened cell. Because of tue
2-ply overlap on all edges of the pariphery of each individual ranel, 4 layers of screening
are actually placed in contact under pressure wherever panels are joined in the assembly
of the screen room. This makes for efficient low r-f impedance bonds between the room's
component "cells."” The dimensions of the two wood-frame components of the composite
panel frames are such that the final edges of the compieted panels are stepped and thus a
mortised joint is achieved wherever adjacent panels meet perpendicularly. This feature
adds greatly to the strength and rigidity of the assembled screen room and provides flush
panel joints for interior room surfaces.

NADC-AEEL TAKEDOWN CELL-TYPE SCREEN ROOM

The NADC-AEEL Takedown Cell-Type Screen Room is a double-shield, cell-type en-
closure using 22-mesh, 15-mil, copper screening; with a nominal 1-inch spacing between
inner and outer shields (screens). The room provides a nominal 100 db of shielding effec-
tiveness over a frequency range from 0.15 to 10,000 mc. (See figure 8.) The standard
model is assembled from 30 prefabricated panels which form the floor, walls, and ceiling.
An r-f leakproof door and doorframe assembly constitutes one of the panels. The room
design includes plywood flooring panels as an overlay for the screened floor panels. The
outside dimensions of the standard size room are: 8 feet 2 inches wide by 7 feet 4 inches
high by 16 feet long. The length of the room can be varied by adding or subtracting the
proper number of floor, wall, and ceiling panels.

A diagrammatic sketch iilustrating the room's pane’ «nd screening arrangement is
given in figure 9.

Figure 10 presents detailed engineering drawings and a bill of materiais.
Views of the room and its components are shown in figures 11 through 16.

Additional views and screen room erection and maintenance information are present-
ed in the appendix.
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SUL OF MATERIALS POR FADU DRAVINO BU, B.1001

Be. Por Pare
Fryves », Part Rame Steca Raterial Foma rus
z ) vall Panel
-2 voll Panel
4 -) Vall Panel
1 &) Catllng Panel
1 :2 Cotling Panel
[} Celling Panel
| -l Vioor Panet
i - Ploor Panei
L) -9 Noor Tenel
' -:0 Voll Panei with Door
1 ot Pliter Npport 19 s 1N 1n Copper Spec. Bo. QQ-C-%01, Class °a°
1 12 Piiter pport ;! s gg s l,’l Coppar 3pec. Bo, QQ-C-%01, Class “A°
1 -1 Qrounding lug 1/2 8 % 1n, Brass Commereial Standard
? -1 Thresded Vasher ' in, Gi0 8 !/‘b A, Brass Commerelal Sandard
2 -1 WL1/2°-13 W2 Standard Bress Commereial BRandard
8 -t Power Inlet LV 1n. 0D e 3 in, ag Bress Commereial 3tandard
12 -1 Thresded Vasher 2 in. 6ts 92 1/8 in. Bress Commersial SMandard
: -1 MNtJNA.10 BC-2 a M Brass Commereial Standard
-19 Pllter Shield 1/32 in. Sheet Copper Bpoe. Mo, QQ-C-501, Claee *2°
[ -20 Piiter See Bote Bo. 16
lr -2t Plate 0. q 1e /: ¢ 1:1/2 1n, Prass
7 -2 riste Wt l/\ 8 2-1/2 In, Steel Spec. Mo,
2 -2 Door Randie vedge Breas Comme roial Stendard
2 -2 Door Nandle Brass Commercial Standard
2 -:2 Door Randle Bress Commercial Standard
? - Vasher ' in, 61s 8 /8 In, Brass Commercisl 3tandard
] -7‘ Mulnforcoment l x 1t 8 1/8 in, Bress Commercisl 3tandard
‘z - Ringe andard Bress See Nots Bo. 9
-9 P.K, Rachine Screv :‘;-?0 NC-2 & 2-1/2 1n, Brass Commercis! Standard
23 -30 Mt -10-32 V5810 Brese Commercial Standard
6 -g; Retnforcement s 683 x1/16 1n, Brass Commerclal Standard
- irip 20 ft x 2-1/2 in. o 1/8 1n, Brass Commerois]l Standard
3 -3) Specer 6e2.1/8 x1/8 1n, Brese Commerolal Standard
3 1 Spacer 66 1-1/2 8 1/8 1n. Bress Commercisl Standard
-3% | strip 0.010 x 1-5/8 1n, s A0 ft Phosphor- | Spec. Bo. QQ-B-TAE
Bronse
2 ¥ | Jpacer Yx261/81n, Brass Commercisl Stendard
2 -a Spacer v xt-1/2 x 1/% 1n, Brass Commercis] Standard
192 - P.0. Machine S<rew :‘h-zo C-2 8 3 In, Brese
200 -39 Yaeher g70-4
1 A0 | mrean.20 AAOBA1 6
\ sq ft -4 Copper Screenlrg See Note No. 3
ft A2 Wood l e 2 1n, 3ee Note Mo, |
583 rt A3 | wood 15/16 x 15,16 1n, See Note No, 1t
10 1Y Wood 1-15/16 - 1-1/2 1n. 27 £t 9-1/2 1n. See Note Mo, |
157 £t -8 Yood 20 |§/l 1n, See Note No. |
3N e -8 Wood 203 In. See Note No. 1
1 -4 ¥ood %0 x & x 2 in, See Note No. |
1 -4 Threshold N x2eiN in. Brass Commercis]l Standard
2 -49 Ploor Board 7 ft-9- /2 in, ¢ 30 in. x 3N In, Plywood
[} -50 Ploor Board 7 £t-9-1/2 in, x 32 In, x 3N In. Plywood
-5 Copper Tacke Standard No Copper See Notee No. 3 and 5
-52 P.H. Yood Screw AI550810-18 See Note No. &
(1] 53 P.H, Wood Screw b5 -A See Note No, 7
18 -54 R.H. ¥ood Screw 5.10-6
"7 -52 Sq. Md. Bolt 3/8-16 x ¥-1/2 1n, 9
79 - 3q. Bd, Bolt 3/8-16 x 3-1/2 in.
55 -55 3q. Rd. Bolt 3/8B-16 x ¥-1/2 1n.
82 - 3q. K. Bolt 3/8-16 x 3-1/2 1n
575 -59 Waehar 1R x7/8x2n, Steel 3pec. No, AN-QQ-3-689
303 60 1 Wt 3/B-16 40-616
12 -61 K.N. Machine Screw 8-32 x 1A In Brass Commerclal Standard
12 -62 t 8-32 AN340B10 Brass
54 63 P.H. ¥ood Screw ANS50B) 0-8 Brass See Note No. 7
1] -68 P.RB. ¥~od Screw 5085« Brass .
¥ eq ft | 65 | 0.020 Theot (mintaum 1g « 9 ft) Copper Spec.No. QQ-C-5OI. Claes "A
=68 | Segme't Strip 0.010 x 3/4 ¢ 72 in. Phosphor- {  Spec.No. QQ-B-746
ze
-67 | Wood 1/2 x 2 inches x MO ft See Note No. 12

Bill of Materials for Figure
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JOTES POA BADX Oavim) 80, 81001

1. Uee dreseed, vell secsaned wits pine oF slreraft spruce for [remes of floor, vall, and selllng panels; use flret
§7ebe aaple for door snd Gosrframs of wall pane) wita Seer,

P, Doo sertiee and tornan Jolats Ia sonirweting Geor and Geerfream of vall panel vith door. Presss of flocr, wall,
and selling paneis snall %o dowelled,

3. Panel soreening shall Do 27-aeeh sopper fedriceted from unlsequered 3-gquage (0.0199 1a. ¢1s) hard dresm wire.
Sereening 18 soparetely opplied 0 panei freme seitions Pefore 1hey are permansally factened together te ferw samplete paneis,
Sereenirg BaAy %o sesured Lo the face of seotion frames with sodper tadsks, Pinal efdges of sireene are folded ever and teched
te the s of the periphery of the sougeetite frame forwed by the Jelalng of the twe screensd eestions; nmau‘ fer the
ssotlony mus' Bo oul lergs snough to provide the fold-over aress. (3ee Ovy enlarged detall sections "B-B,° °C.C, 'c,-c,.’
T0D°, “OyeDy,"Opey, TB-5,7 BBy, T “ByeBy.°) It sheuld be meted that felded ssrven arves cf the speser sestion partially
ovoriep folded arvas of the aaln settion sad dlaansions of the esreening sut For the spacer ssetion must previde fer the
grosier Gogth of rold.

A, The too sireensd setllons somprising o panel shall e sirewed togelher with Bo. 'O flat head wood acrewe 1-)% in,
1¢ o8 Indicoted. Screws anall Be speted ) In. apart,

S, Do, B copper tacke shall %o waed 1o attach ecreening to frases.

6. Polé-ever sress of sestion ssreens ahall be notzhed et sormere to permit forming of s0mere on panel freme periph-
ery; netohes snall be 02 sut 88 to sliow 1,8.1n, overlep which shall be aeldered.

7. AJ) eopeeed Nesde of tacke and wood screve shall de scidered 10 ecreens (Meeds of tacke and wood screve ueed In sl-
tachy lxrr oh-unlv‘, bress stripe, and phoephor brorse contesl strips to 600 and doorframe siso shall te soldered). In
gonerel, ssehaniselly secured Jeinte of & perwanent nature on parele and door and doorframs ehall be soldered. All ee.
@ out edges of ecresns shall e soldered (and wiped slewn) 1o prevent fraying. Noles provided in esreens to asscwmodats

«in. 418 panel sounting D011 alec “Aall Nhavs edges solbired

8. $016e¢ enhould heve ot 1esst SO8 LN sontent and ahould Nave reain core. If additional fiua 1a necessary, use also-
hol and resin alsture; no 8214 pastes or e0ldering eaite shall Do used. B80luered surfeces shail be durfed 10 rewmcve resin
residue.

9. Door hinges sre atandard dress %.1n, 1006e-pin Lvpe eith setension plete welded 10 one half.

10, ™he 1A.1n. portion of the serrsted phrosphor brorue atrips (dwg detell Bo. Y% and J3b) shall have & very allght over-
all curvature to form the sontest fingers. In performing the dending operstion, s round.edge tool of the proper redius shail

weol, ¥hen sompleted door 1s hung and 18 In the slosed position, ail eantast fingere shail make good contect with the door-
frame. Contast Fingsre shall %e free Af Surre and shall be Wuffed,

11, Cosplsted panais shall de permanently marwed for 18entifisstion purposes a8 ahown in aesesdly detail. Ildentifying
lettsre and mmersls should Le at leset 1/2-1n, Nigh and De 80 placed &8s to De readily viaidle during sssemdly and dissssemdly
of the room.

12. Vvood strips of 1/2
ssreens. Strips -K:ma be

1. After completion of the room componenis, the room shouid be assesdled to insure that sli parts are ssting g'rop-rl).
Panels shouid be dolted togsther uaing equare head 3/B-in, dls bolts and hes nuts. A pressure dlstriduting plste ( wesher,®
part Bo. -99) shall de ussd under boit hesds and under nuts.

WOTE: Where room 15 0 De sssemdled for extended period, lockwashers shouid de used detween Nuta and pressurv pletes,
Joints between mating pansls of completed room should be tight and pressnt no visidle interetices., Correct bolt
tightaning presswre is 180 In-1d and should de shesxed with & torque wrensh.

18, A slgn (2 dy 18 dy 1N 1n, Mason!te) bearing the following legend shall De fastened to both sides of the ssreen room

door:
CLOSE DOOR SLOWLY
DO WOT BLAN!

15, A sign (2 by 18 by 1A 1n, Rasonite) Dearing the foliowing legend shall de insteiled on room side of soreen roce
door!
POR ASSDEELY AND WATWTENANCE

by 2-1m, stock should de sttached horleontsily to the outside of the wali panels to protect panel
spaced 2 In, apart and should estend from the floor to & Neight of approximsatsiy ) ft.

RIFER 1O
BUAKR PAOJECT WO, ADC KL-438
AND
AEPORT NO. NADC-EL-54129

16, Scresn rocm power 1ine f1lter ahould ba Tobe Deutohmann Corp. model No, 1180 Piltsrette, or equivalent, with rating
of 100 amp, 500 ¥ ac/do; totei capaoity 7.0 uf. Pilteretts attenuation (conducted) 1s &8 follows:

.
60 db from 0.1% to 0.4 mc
80 db from 0.8 to 1.0 me
106 ab from 1.0 to %0 mc
dd from %0 to 400 me

If sudstitute fiiter ie used, unit shall provide equal attenuation or better.

17. With power iines connected, sssmmbled screen room shai) provids nominai shieiding effectiveness of 100 db for the fre-
quency range of 0.193 to 150 me.
; devistions shouid de made oniy after cereful
leiding art.

18, Consti._ction or sateria) devistions may render screen room ineffec
consideration and should be suthorised dy consuiting engineer versed in the

19, With 32-in. wide panels as indicated in the drewings, the oversii 1nslde dimensions of the room using G sections
will be
Width = 7 £t 3-in,
Langth- 15 Y Bein,
Beight- 7 ft O-in,
The panel wldth may be changed from 32-in. to 40-in. without changing the oversii design.
what larger and the door ocan be inastaiied in any one of the wall sidas.

In this cass the room wiil be some-

Fabrication Notes for Pigure 10
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CEILING PANEL WITH
FILTER PANEL INSERT

WAVE GUIDE
ATTENUATORS

TYPICAL
WALL PANEL

. . V o, /l
5 :‘u"’-- e -, - / /

“l " "“l\./ - // 3
\ /d v

TACKS SOLDEKED |
TO SCREENING
. 5 i ':ii,

TYPICAL
CORNER PANELS

FIGURE 11 - Fabricated Screen Room Panels
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FIGURE 12 - Corner View of Exterior of Assembled Screen Room
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FIGURE 13 - Doorway Vi
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‘\: *.n S PEPETS
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FIGURE 14 - Door Handle and Tightening Wedge Detail
(view from inside room)

FIQURE 15 - Exterior View of Ceiling Panel Showing Fllter Installation
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FIGURE 16 - Interior Room View Showing Entry of Piltered Power Lines
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Room Improvements, Additions, and Modifications

The following presentation concerns various linprovements, additions, and modifica-
tions for the standard model ~f the NADC-AEEL screen room and are either based on
actual development experience or are predicated on the known characteristics of the ma-
terials involved. No engineering drawings are submitted for these items since in most
instances the basic construction of the room remains relatively unchanged. Some of the
items listed are covered by a recent NADC service manual for takedown cell-type screen
rooms, reference (q). The manual is included as the appendix of this report and is refer-
enced where applicable.

1. Changes in Panel Size - Although the length of the standard model rvom can be
varied readily, changes in room width and height will require changes in the component
panel dimensions. Where this is necessary, special size panels can be built using the
basic construction of the standard panels. For example, panels 40 inches wide by 8 feet
long would make possible a room 10 feet wide by 8 feet high and of any length (in 40-inch
multiples) from 80 inches up. A panel width of 40 inches would also allow location of the
standard 40-inch wide door panel in any wall of the room.

2. Celling Reinforcement - Cellings of rooms more than 10 feet wide require rein-
forcement to prevent sagging of the ceiling panels when more than 3 ceiling panels are
used. The weight of the panels should be supported by steel I-beams installed on top of
the room across the width dimension. On long rooms, the I-beams should be installed at
80-inch intervals.

3. Floor Reinforcement - Where floor loading requirements exceed 120 1b/sq ft,
the framework of the floor (screened) panels should be fitted with additional horizontal
bracing members. The addition of such members can increase the distributed weight ca-

pacity to over 3C0 1b/sq ft.

4. Silver Plating for Door Fingers - A heavy silver plating applied to the phosphor-
bronze door fingers will lower their r-f contact impedance and further reduce the possi-
bility of leakage in the critical area around the screen room door.

5. Double Doors - Where a laige entrance to the room is required, an 80-inch door
panel can be constructed and equipped with double doors each 40 inches wide.

6. Change in Bolt Size - The 3/8-inch diameter bolts used for bolting together panels
of the standard model room can be replaced by 5/16-inch diameter bolts without any loss

in panel contact pressures, but with an effective increase in the strength of the panelframes.

7. Change in Pressure Plates - Pressure plates can be improved against possible
bending by changing the thickness from 1/8 inch to 1/4 inch. Pressure plates can be im-
proved further by corrugating or dimpling the flat surfaces to prevent rotation of the plates
during the bolt tightening operation.

8. Lockwashers - Lockwashers should be used under the nuts in bolting panels to-
gether to erect the room. The use of lockwashers minimizes the need for frequent bolt
tightening since the takeup afforded somewhat compensates for the tendency of the pres-
sure plates o indent the wood of the panel frames, especlally in the case of newly erected
rooms.
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f, Inside Bolting of Panels - It is sometimes necessary to erect a screen room in
such close proximity to the walls or partitions (or the ceiling) of a plant or laboratory as
to make outside bolting of some of the screen room panels impossible. This condition
can be met by attaching additional frame members to the flush-screened sides of the in-
accessible panels to permit bolting from inside the room. The additional frame mewmbers
should be of similar construction to the frame members provided for inside bolting of
floor panels in the standard model room. (See section view "B-B' and floor assembly

section of figure 10.)

10. Power Line Filters (See appendix, page 11.) - In addition to the power line fil-
ters prescribed for the standard model room, and those mentioned for special microwave
applications, low-frequency filters are available which can provide 100 db attenuation
from 14 to 500 kc. Filters of this type can be procured from several filter companies
and can be series connected with the existing filters. As in the case of the other types,
these filters can be operated at power line voltages up to 500 V and at power frequancies
up to 800 cps at room temperatures.

11. Transmission Line Connectors (See appendix, page 11.)

12. Metallic Waveguide-Type Attenuators (See appendix, pages 7, 10, 11, and 12.) -
Metallic waveguide-type attenuators can be installed in any of the screen room panels to
serve as entrance ports for nonmetallic service lines (gas, water, and air hoses) feeding
the room. They also can be used as room entrances for rotating-shaft motive power from
an external prime mover, providing the shafting entering the room can be made of an in-
sulating material. Waveguide-type attenuators can provide 100 db attenuation over a wide
range of frequencies below their designed-for high-frequency cutoff; therefore, their use
in many applications will produce little or no impairment of screen room shielding effec-

tiveness.

The waveguides can be fabricated readily from stock tubing, standard extrusions, and
from sheet metal. However, it should be noted that the wall thickness of the completed
waveguides must at least equal the gauge of the metal used for the shields of the room
(a 1/16-inch wall thickness is recommended for waveguides for the NADC-AEEL screen
room), To obtain a minimum of 100 db attenuation below cutoff, the length of a circular
cross section waveguide should be at least three times its diameter and the length of a
rectangular cross section waveguide should be at least four times that of the larger side
of the cross section, Cross section dimensions for the two types are further determined

by the following:

and £ a oA

dg -

A
3.4
where

d = diameter of circalar cross section waveguide in meters

a = larger side of rectangular cross section waveguide in meters

A = wavelength in meters of the highest frequency below which a minimum of 100 db
attenuation is required.

It can be seen from the above formulas that a waveguide designed to provide 100 db atten-

uation at the upper microwave frequencies would necessarily have a very small cross sec-
tion; this obviously limits the utility of waveguides as entrance ports for some screenrcom
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services at these frequencies. However, the problem can be solved for some applications
by the use of multiple waveguides. For example, multiple waveguides can be used in sup-
plying forced-air ventilation to screen rooms located in areas where supplementary ven-
tilation is required. In instances of this type the multiple waveguides can take the form
of a series of holes in a 1-foot square copper or brass plate attached to the outside of one
of the screen room panels at the point where the ventilatioz duct connects to the room.
The thickness of the plate and the diameter of the holes is determined by the required
waveguide length and cross section. (For some microwave frequencies, a portion of some
types of automobile radiatore can be used in licu of the perforated plate.) The perforated
plate replaces both outside and inside screens in the immediate area of the panel in which
it is installed, but must be bonded thoroughly to the outside and inside screens of the re-
mainder of the panel. The metal ventilation duct serving the room should not be attached
directly to the plate, but should be connected to it by a short duct section of rubber or can-
vas material. This prevents any interference picked up by the ventilation system duct
work from being conducted directly to the screen room panels and also prevents mechan-
ical vibration transfer from the system to the room.

13. Service Entrances (See '"Metallic Waveguide-Type Attenuators,'' above, and in
appendix, page 12.)

14. External Drive-Shaft Power - Rotating devices or machines in the screen room
can be drive-shaft powered from an external prime mover if special arrangements are
provided to prevent r-f interference from leaking into the room at the point where the

shafting penetrates the panel screens.

In addition to methods described for this purpose under ''Metallic Waveguide-T ype
Attenuators," above, and those discussed in the appendix under "Service Entrances," the
following method is suggested for cases involving large-diameter metallic shafting and
high-torque drives. In this method the frame of the prime mover is bonded to the room
in such a way that it effectively becomes an extension of the room itself. For example,
the frame of a motor can be made integral with the screen room by means of a sheet cop=
per housing or duct enclosing the shaft and connecting the motor end bell to the panel
through which the shaft enters the room. Copper plates should be substituted for the panel
screens in the area affected and should be bonded (by soldering) to the screens of the re-
mainder of the panel and to the copper duct. The motor end of the duct should be bonded
to the motor end bell or frame by clean metal-to-metal contact under pressure. Holesfor
capscrews can be drilled and tapped for this purpose and in many instances existing bolts
or nuts of the end bell or motor frame can be utilized. Ventilation holes in the area of the

end bell enclosed by the duct should be screened.

15. R-F Reflectors and Absorbers for Screen Rooms (See appendix, page 18.) - R-F
reflectors and absorbers may prove useful in supplementing the screen room shields under
certain conditions. For example, there may be rare instances at microwave frequencies
when an extremely high-intensity field from an unavoidable, close-proximity source will
penetrate the room. In cases of this sort, the interference can be reduced by reflectors
and absorbers installed on the cutside of the room. Absorbing materials also can be used
on the inside of the screen room to provide a cioser simulation of free-space conditions
by reducing reflections of signals generated by receivers and small transmitters on test
in the room, Reflectors can be made from metat shects, absorbers are available commer-

cially in the form of sheets and blocks and also as a rubberized cloth material.
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22-mesh, 15-mll, copper screeaing can be used with NADC-AEEL type enclosures for

improved shielding effectiveness, structural rigidity, and corrosion resistance. Eleven

such shielding-material modifications are presented below. Seven of the modifications

utilize double-shield cell-type construction; four employ single-shield construction. The
panelled arrangement of the basic room decign is retained throughout, but one modifica-

tion dispenses with the panel wood framework because of the inherent stiffness of the
shielding material used. It should be noted that the increase in shielding effectiveness

afforded by these various shielding materials will depend entirely on the r-{ impedance
of the bonds at joints between panels of the assembled room. It is of the greatest impor-

tance that these impedances be kept as low as possible.

Construction:

Material:

Improved

Characteristics:

Construction:

Material:

Improved

Characteristics:

Construction:

Material:

Modification A

Double-shield, cell-type

Hot-tin dipped, 22-mesh, 15-mil copper screen-
ing; tin dipped after weaving; coating not to mate-
rially reduce open area. (Tests indicate tin dip-
ping increases shielding effectiveness.)

A slight increase in shielding effectiveness. Im-
proved screen life, rigidity and corrosion resist-
ance.

Modification B

Double-shield, cell-type

Hot-tin or hot-zinc dipped, 22-mesh, 15-mil, iron
screening (hardware cloth); tin- or zinc-dipped
after weaving. (Screening coarser than 22-mesh

is not suitable.)

A slight inc ' ~ase in shielding effectiveness at the
low-frequency end of range and a slight decrease
at the high-frequency end. Improved screen life,
rigidity, and corrosion resistance.

Modification C

Double-shield, cell-type

Twenty-two mesh, 15-mil, copper=~clad screening
(11-mil ironcore wire with 2-mil copper cover=-

ing).
Note: No definite information is avallable as to

whether this type of screening can be manufactured.

- 57 -




Aeronautlical Electronic and Electrical Laboratory

Improved
Characteristics:

Construction:

Material:

Improved
Characteristics:

Construction:

Material:

Improved
Characteristics:

Construction:

REPORT NO. NADC-EL-54126

A siight increase in shielding effectiveness at
the low-frequency end of the range and a slight
decrease at the high-frequency end.

Modiflcation D

Double-shield, cell-type

Ten-mll copper sheet. Panel shields should be
overlapped on frame periphery using method
prescribed for screened panels of standard room.
However, corners should not be overlapped but
should be butt-joined and soldered. One-inch wide
gasket strips of 4-fold, hot-tin dipped screening
(16- to 22-mesh, 15-mil, copper) should be in-
serted in all joints between panels, before panels
are bolted together to assemble room. A sub-
stitut» gasket material (the AEEL-RF Gasket des-
cribed in reference (r)) may be made up of beryl-
lium-copper or phosphor-bronze strips perforated
with small holes to give jagged points on both sides
of the strip. Gaskets should have punched holes to
accommodate panel bolts. Forced-air ventilation
of air conditioning is necessary for this type of
room.

Estimated shielding effectiveness of over 100 db
from 500 kc to 30,000 mc. Improved shield life,
rigidity, and corrosion resistance,

Modification E

Double-shield, cell-type

Ten-mil galvanized-iron sheet. Panel fabrication
details similar to Modification D. Gasket strips
and ventilation system required.

Estimated shielding effectiveness of over 100 db
from 12 kc to 30,000 mc. Improved shield life,
rigidity, and corrosion resistance.

Modification F

Double-shield, cell-type

- 58 -




Ae¢ronautical Electronic and Electrical Laboratory

Materlal:

Improved
Characteristics:

Construction:

Material:

Improved
Characteristics:

Construction:

Material:

Improved
Characteristics:

7

REPORT NO. NADC-EL~54129

One shield of 10-mil copper sheet and one of

10-mil galvanized iron sheet. Panel fabrica-
tion details similar to Modification D. Gasket
strips and ventilation system required.

Estimated shielding effectiveness of over 100 db
from 50 kc to 30,000 mc. Improved shield life,
rigidity, and corrosion resistance.

Modification G

Double-shleld, cell-type

Fifteen-mil copper sheet perforated to give
same effect as 22-mesh, 15-mll, copper screen-
ing. (Perforating services are commercially
available, e.g., from the Harrington and King
Perforating Co., and the Diamond Manufacturing
Co.) Panel fabrication details similar to Modi-
fication D. Gasket strips required.

A slight increase in shielding effectiveness. Im-
proved shield life, rigidity, and corrosion resist-

ance.

Modification H

Single-shield

Twenty-mil copper sheet. Single shield should be
folded over edges of frame periphery; corners

should be butt-joined and soldered. Gasket su ips
and ventilation system required as in Modification

D.
Note: For single-shield construction the shield-

spacing components of the standard panel frame-
work are eliminated and the shielding material is
attached directly to the bolting frame. Shielding
material on edges of the frame periphery must
have punched holes to accommodate panel mount-
ing bolts.

Estimated shielding effectiveness of over 100 db
from 500 kc to 30,000 mc. Simplified construct-
ion over double-shield type. Improved shield life,
rigidity, and corrosion resistance.
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Modification I

Single-shield

Twenty~-mil galvanized iron sheet. Single shield
should be folded over edges of frame periphery;
corners should be butt-joined and soldered. Gas-
ket strips and ventilation system required as in
Modlification D.

Estimated shielding effectiveness of over 100 db
from 12 kc to 30,000 mc. Simplified construc=-
tion over double-shield type. Improved shield
life, rigidity, and resistance to corrosion.

Modification J

Single-shield

Twenty-mil copper-clad sheet (12-mil iron cov-
ered on both sides with 4-mil copper). Single
shield should be folded over edges of frame peri-

phery; corners should be butt-joined and soldered.

Gasket strips and ventilation system required as
in Modification D.

Note: No definite information is available as to
whether the copper-clad sheet material can be
manufactured in the sizes required for panel fab-
ri.cation.

Estimated shielding effectiveness of over 100 db
from 50 kc to 30,000 mc. Simplified construction
over double-shield type. Improved shield life,
rigidity, and corrosion resistance.

Modification K

Single-shield

Any one of the following metals:

1. 300-mil iron (x = 1,000; G = 0.17)

2, 81-mil Mu-metal (= 80,000; G = 0.029)

3. 79-mil Permalloy (x = 80,000; G = 0.30)

4, 56-mil Hipernik (x = 80,000; G = 0.060)

Single shield should have felded edges and solder-
ed or welded corners. Metal stiffness is suchthat
panel wood framework is not needed. Panels are
fastened together by bolts passing through holes
punched in the turned-over metal edges. Gasket
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strips and ventilation system required as in Mod-
Ufication D. However, panel rigidity may intro-
duce contact discontinuities at the panel joints
and panels may have to be soldered or welded
together, thus removing the "takedown'' con -
struction feature of the room.

Note: The cost of the above metals may be pro-
hibitive for some applications, and other meth-
ods may have to be resorted to for the elimina-

tion of the interference. ;

Improved
Characteristics: Estimated shielding effectiveness of over 100 db

from 60 cps to 30,000 mc. Simplified construc- |
tion over double-shield type. Improved shield
life, rigidity, and corrosion resistance.

L4

e =N

~i
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SECTION 111
SHIELDING EFFECTIVENESS TESTS AND RESULTS

TESTS

Shielding effectiveness tests were developed during the project for determining the
periormance characteristics of the NADC-AEEL Takedown Cell-Type Screen Room in
the presence of various types of fields. These tests were later incorporated in proposed
Specification No. MIL-8-4957(Aer) and are generally applicable for use in the testing of
various types of shielded enclosures. The tests were based on the material presentiid
in section I of this report and results obtained in NADC tests of numerous enclosures
agreed satisfactorily with the theoretical calculations. Four separate tests were devel-
oped. Three apply respectively to magnetic fields, electric fields, and plane waves above
1000 mc. Each of these involves the making of true insertion-loss measurements with
the wall of the shielded enclosure in and out of the signal path, the signal-level differen-
tial in db constituting the enclosure's shielding effectiveness. A fourth test pertains to
plane waves below 1000 mc since it was found that true insertion-loss measurements can-
not be made in this region because of the pronounced effect of standing waves in the test
area. This particular test measures shielding effectiveness on tue basis of a db ratio ob-
tained from maximum signal levels received inside and outside the enclosure.

The following description of the NADC tests is presented in handbook style for the
convenience of readers who may wish to perform similar tests.

General

Test setups and suggested equipments for performing the NADC Tests are presented
in figures 17, 18, 19, and 20. Test equipment views are shown in figures 21, 22, 23, and
24. Each test setup utilizes a signal source and transmitting antenna, outside the enclo-
sure, and a recelving antenna, an attenuator, and a detector inside the enclosure. Loop
antennas are used for magnetic flelds, rods for electric fields, dipoles for plane waves
below 1000 mc, and horns for plane waves above 1000 mc (microwaves).

Signal sources can be signal generators or power oscillators of cw, mcw, or pulsed-
cw output. Output power shouid be sufficient to produce a signal above the inherent noise
background of the detector inside the enclosure. Numerous commercial and military
equipments can be used as signal sources. Satisfactory sources also can be constructed
in the laboratory. (See figures 25 and 26; also figure 11 of appendix.)

Attenuators preferably should be continuously-variable or step-types. They should
read directly in db and should be calibrated for the test frequency employed. The atten-
uator should be impedance matched to the test setup roceiving antenna and detector input,
and should be capable of supplying attenuation at least equal to the maximum shielding ef-
fectiveness of the enclosure being tested; if necessary, several attenuators may be con-

nected in series,

NOTE: The test setup attenuator is not needed if the signal source includes a calibrated
output attenuator, or if the detector contains a calibrated input attenuator.

Detectors can be any one of several military and commercial types of radio receivers
and field strength meters. The detector serves as the test setup reference level indicator
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and should therefore include some form of signal-level Indicating device, or should be
used in conjunction with an output meter or an vscilloscope.

Basic Test Procedure (Magnetic Fields, Electric Fields, and Plane Waves)

The test setup should be arranged in accordance with the applicable test setup fig-
ure (Figures 17, 18, 19, and 20.). The signal source may be located anywhere outside
the enclosure at the prescribed distance. There should be no signal-reflecting or
-absorbing objects between source and enclosure. Basically, the insertion-loss test
procedure conslsts of placing the equipment in operation and setting the detector gain for
maximum sensltivity, inside the enclosure, and then reducing the intensity of the re-
celved signal to a level just slightly above the detector's inherent nolse backgroundby
means of the attenuator. The detector level thus achieved becomr >s the reference
level for the test. The enclosure wall® is next removed and the resulting increase
signal at the detector Is reduced to the prevlously establlshed reference levelthrough
readjustment of the attenuator. The Increase in attenuation required to restore the
reference level, in going froui the "wall-In" to the "'wall-removed'" condition, is there-
fore equal to the shlelding effectiveness of the enclosure and is indicated directly in db
by the difference in the attenuator settings. The enclosure shielding effectiveness in db

E;
is also essentially equal to 20 log10 5 where Ez and E, are the voltages induced
in the receiving antenna with the enclosure wall in and out of the signal path respectively.

Only one wall-removed measurement per test is necessary, but numerous wall-in
measurements should be made; the more the better. Under normal test conditions it is
virtually impossible to provide a uniform signal field for all portions of an enclosure.
For this reason, wall-in measurements should he made for all wall and ceiling areas (and
floor areas, if accessible), particularly those areas of possible shielding discontinuity
such as the door area and panel joint areas. Exploring the enclosure in this manner ne-
cessitates relocating both the transmitting and receiving antennas for each measurement
and requires the maintaining of the prescribed antenna distances relative to each other
and to the enclosure. (This procedure is deviated from in the special test designed for
plane waves below 1000 mc, as explained later.) The attenuator settings will vary some-
what for the various areas tested. The readings should be recorded and the highest read-
ing obtained should be considered the wall-in reading and used for comparison with the
wall-removed reading. The difference between these two readings then indicates the min-
imum shielding effectiveness of the enclosure for the particular test frequency used.

In instances where the test setup signal is not strong enough, or the detector not sen-
sitive enough, the test reference level will of necessity be the detector's inherent noise
background and variations in shielding effectiveness for various areas of the enclosure
may be impossible to determine. Attenuating the signal to this noise background level dur-
ing the wall-removed measurement will merely indicate that the enclosure provides at
least an equivalent amount of shielding effectiveness; how much more it provides cannot
be determined without an improved signal source or detector.

Although in scine instances the enclosure wall can be removed literally by opening
the enclosure door, or physically removing one or more of the enclosure panels, an equal-
ly effective and more practical wall-removed mnethod involves taking the receiving antenna

* The term "wall" is used to apply to the entire shielded enclosure or to that portion
of the enclosure lying directly in the signal path, i.e., wall, ceiling, or (if acces-
sible) floor.
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SIONAL RO g ATTENUATOR
SOURCE COAXIAL .
CONNECTOR
WALL-REMOVED MEASUREMENT
dy e 12 inches Attenuator = Variable type with low-imped-
ance input (e.g., 50-ohm West-
d2 « 1 inch (shield separstion) ern Rlectric No. K8-9534L2);
calibrated in db at the test
4 frequency. Attenuator not re-
3 = 12 inches quired if sigul source includes
oalibrated output attenuator, or
dy = 25 inches (d; + dp + d3) 1f detector includes calibrated
input attenuator.
65 L] d~
Detector = Detector of adequate sensitiv-
8y = Outer shield ity (e.g., D2-2 Radio Receiver,
or AN/PRM-1 Pleld Strength
82 = Inner shield Meter) tuned to test frequency.
Detector 1s used as reference
L = Trensmitting antenna; low imped- level indicator and should pro-
ance circular loop of 1 turn vide signal level indication or
No. 6 AWG copper wire. Loop should be used with output meter
diameter « 12 inches for 200 ko. or dscillosocope.
Loop may be oriented at any angle
in a plane perpendicular to en-
closure wall. Cy, C2- C3, = BShielded tranimission-line cables.
and Cy Should be short as possible and
L = Recelving antenna; circular loop, may be eliminated where test set-
2 same diameter as L;, but with | up components oan be direct cou-
to 2 turns. Loop positioned in pled.
same plare as Ljy.
Sigml o Low-tmedince source of adequate  Commeel, * TEiIMisMencidte senmcter tn-
Source output at test frequency such as: bonded to 8, and 8
T-47/ART-13 Transmitter, General L 2
Radio Model BO5A Signal Oenera-
tor, Rollin Model 20 Signal Qen-
."éor‘ and high peak power source Test = Any frequency in 18 ke to 18 me
PFrequency range. A spot frequency in the

shown in {igure 11 of appendix of
thie report. (Peak power source
is adaptable to other frequencies

by change of LC components.)

150 to 200 k¢ range may be used.

FIGURE 17 - Shielding Effectiveness Test Setup for Magnetic Fields
(Wave Impedance « 377 Ohms)
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SIONAL VARIABLE
OETECTOR
SOURCE FRED-THAY ATTENUATOR
CCAXIAL
WALL -REMOVED MEASUREMENT CONNECTOR
dy = 12 inches Mttenuator e Capacity-type, variable attenuator
with high-impedance input ('.E.,
d, = 1 inch (shieid separation) Perris Model 32-XA3, or 32-X.§) call-
brated in db at the test {requency.
dy = 12 inches (Attenuator not required if signal
source includes calibrated output
d 1 . attenuator, or if detector includes
A IR ARGREN (d1 g ¢ d3) cnllbnted'input attenuator.)
dg = d, Detector e [()etector of gequnte sensitivity
e.g , BC-34 Radio Receiver, Ferris
3; = Outer shield Model 32A Pleld Strength Meter, or AN
PRM-1 Pleld Strength Meter) tuned to
8, = [Inner shield test frequency. Detector is used as
reference level indicator and should
Ry « Transmitting antenna; high imped- provide signal level indication or
ance rod type, 41 inches long for should be used with output meter or
frequencies up to 18 mc. Rod may oscilloscope.
be oriented in any position paral- Cy, Ca, C Shielded transmissio
- n-line cables.
181t mll of snoloaurs. ar‘u; Cf' = Should be short as possible and may
be eliminated where test setup com-
CP « Counterpoise for transmitting anten- ponents can be direct coupled.
na. #If very high impedance signal source
1s used, shielded cable C; should be
by 2 LR POSANAT0A NP AL RF St 0 replaced by open-wire line Lo prevent
A7 R ERWA SHOU Y SCOURTeTROLeE: capacitive loading. Counterpoise of
R . ve to be eliminated for same
Signal « High-impedance source of adequate 1 mA7 ha SR
Source output at test frequency such as: reason.
T-47/ART-13 Transmitter, General Coaxial = Transmission-line connector installed
Radio Model 805A Signal Generator, Connector in enclosure wall and bonded to 8,
Rollin Model 20 Signal Generator, and 8;.
:;\dr:\éughmp;;.lf BENSISgourcel fahou Test = Any frequency in 18 ke to 18 mc range.
Frequency Suggested spot frequencies: 200 kc,

FIGURE 18 - Shielding Effectiveness Test

(Wave Impedance >> 377 Ohms)
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0

WALL-IN MEASUREMENT

0y

_____d’

WALL-REMOVED MEASUREMENT

Distance ae great as poseidle (more
than 2) ); limited only by power of
a signal source.

| inch (shield eeparsticn)
2 inches

dy + dp + d3

d‘ - 2 inches; and » d, -’y’l

2 inches; nnd‘x/l. Receiving dipole
is moved within this area for point
of maximum signal pickup (highest
attenuator uttingg.

Outer shield
Inner shield

2 at test frequency. If tuned
dipole is used with single coaxial
line, dipole should be balanced type
similar to AT-275/URM-28 of Specifi-
cation No. MIL-I-6181. (Other suit-
able antennas are: AT-141/ARC, used
with AN/ARC-27 equipment; AT-49/APR-
4, used with AN/APR-% equipment; and
AT-90/AP, used with AN/APT-5 equip-
ment.) Antenna should be oriented
to produce maximum field intensity
at snclosure.

Tr‘;mittms antenna; tuned dipole

Receiving antenna, same as Dy.

Source of adsquate output at test
frequency such as: AN/ARC-27 Trans-
mitter, Rollin Model 30A Signal Gen-

erator, AN/APX-6 Transpondor, AN/APT-5

Attenuator

Detector

C|, czo C3;
and Cy

Coaxial
Connactor

Test
Frequency

VARIABLE

ATTENUATOR sETECTOR

7

FELO-THRY
| COAXIAL
COMNECTOR

VARIABDLE
ATTENUATOR

ogveECcTOR

_Cy

Radar Transaitter, or high peak
power AOC-mc source shown in fig-
ure 26,

Variable type with low-impedance
input (e.g., 50-ohm Weetern Rlec-
tric No. K8-953462) calibreted in
db at test frequency. (Attenuator
not required if signal source in-
cludee calibrated output attenuator,
or if detector includes calibrated
input attenuator.

Detector of adequate sensitivity
(s.g., radio receivera AN/APR-%,
AN/URM-28 and AN/ARC-27; or fleld
strength meters such as Measure-
ments No. 58, T8-587/U, or AN/URM-
17) tuned to test frequency. De-
tector ia used as reference level
indicator and should provide signal
level indication or should be used
with output meter or oscilloscope.

Shielded tranmmission-line cables.
Should be short as possible and may
be eliminated where test setup com-
ponents can be direct coupled.

Treansmission-line connector installed
in encloeure wall and bonded to 8,
and 32.

Wavelength in meters at test frequen-
oy.

Any frequency in 18 to 1000 mc range.
A spot frequency of 400 mc may be
used.

FIGURE 19 - Shielding Effectiveness Test Setup for Plane Waves
Below 1000 mc (Wave Impedance = 377 Ohms)
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% Fixeo
ATTENUATORS
VARIABLE
ATTENUATOR | OETECTOR
'ALL'INME‘SUR[NENT
S, Sp
R |
Hy H

44
d2
L
dy
ds
$y
32
Hy
Ho
Signal
Sourcs
Directional
Couplsr
Dummy Load

>

WALL REMOVED MEASUREMENT

12 inches
1 inch (shield separation)

12 inches

25 inches (dy + dp + d3)
dy

Outer shield

Innsr shield

Transmitting antenna (horn),
e.g., AT-245/AP0-30, or AT-39/AP.

Receiving antenna (horn), €.g.,
AT-273/UPM.

Source of adsquate output at test
frequency such as: AN/APS-4, AN/
APS-42, and APQ-30 radars, and
Eﬁ:rry Klystron Signal source Model

Coupler calibrated in db at the
tsst frequency.

73-108/AP or equivalsnt type.

DIRECTIONAL DUNMY

SIGNAL ds
SOURCE COUPLER LOAD ¢
l : FIXED
Cz ATTENUATORS

FELD-THRY

COAXIAL VARIABLE

CONNECTOR ATTENUATOR DETECTOR
Pixed = Waveguide-type attenuators call-

Attenuators brated in db at test frequency.
(Actusl numbsr used to be deter-
mined by ths attenuation afforded
per unit and by the expected
shielding effsctiveness of the en-
closure under tsst.

Variable = Variable, waveguide type; calibra-
Attenuator ted in db at test frequency.

Detector of adequate sensitivity
tuned to test frequency such as TS-
148/UP Spectrum Analyzer, or a suf-
ficiently sensitive crystal detec-
tor. Detector 1s used as reference
level indicator and should provide
signal lsvel indication or should
bs used with an output meter or
oscilloscope.

Detector

Cy = RG-9/U transmission 1ine cable; as
short as possibls.

Co= RG-9/U transmission line cable; must
be of idsntical length for wall-in
and wall-removed measurements.

Coaxial = Transmission-lins connector instal-
Connector led in enclosure wall and bonded to

3 and Sp.
Test = Any frequency in the 1000 to 10,000
Prequency mc range. A spot frequency in the
"g" pand (9375 mc) may be used.

FIGURE 20 - Shielding Effectiveness Test Setup for Flane Waves
Above 1000 mc (Wave Impedance = 377 Ohms )
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PIGURE 2! - AN/APX-6 Transponder Used as Signal Source
in Shielding Effectiveness Test at 1000 mc

FIQGURE 22 ~ Setup for Wall-In Measurements at 1000 mc
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FIGURE 23 - AN/URM-17 1in Copper Shiel- Case

PIGURE 24 - Western Electric No. KS-9534L2 Attenuators

in Copper Shielded Case
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outside the enclosure and adjusting its position (and that of the transmitting antenna) so
as to duplicate the antenna separation and orientation of the wall-in measurements. (See
figures 17, 18, and 20.) In placing the receiving antennu outside the enclosure, it is es-
sential that it be located far enough in front of the enclosure wall to prevent the antenna
impedance from being affected by the wall proximity. This has been allowed for in the
prescribed test setup distances, but there may be some test environments which will call
for slight additional shifting of the receiving antenna. In such instances, the transmitting
antenna must be shifted by a like amount to restore the antenna separation distance of
the wall-in measurements.

Because of the strong signal field existing outside the enclosure, the attenuator and
detector should be left inside and connected to the receiving antenna by means of a short
transmission line cable connected to a transmission line connector installed in one of
the enclosure wall panels, as shown in the figure. This addition to the antenna cabling
must be of the proper impedance and should be kept as short as possible. Where an ap-
preciable increase in cable length is unavoidable, the cable attenuation should be allowed
for when comparing wall-in and wall-removed measurements. In instances where it is
necessary to locate the attenuator and uctector vutside the enclosure, the cases of both
units should be tested for r-f leakage (signal pick-up through the case) before making the
wall-removed measurement. The test is effected by temporarily disconnecting the re-
celving antenna and capping and center-conductor grounding *he attenuator input (or de-
tector input, if attenuator is integral with detector unit). Under these conditions, there
should be no change in the detector inherent noise background when the signal source is
turned on and off. If leakage exists, the detector and attenuator should be placed in a

copper shielded case.

NOTE: The case-leakage test also should be performed on the attenuator and detector
prior to making wall-in measurements.

Plane Waves Below 1000 mc

Figure 19 shows the test setup pertaining to plane waves below 1000 mc. As stated
previously, true insertion-loss measurements cannot be made in this region because of
the pronounced effect of standing waves in the test area. The test in this instance in-
volves a db ratio obtained from maximum signal levels received outside as well as inside
the enclosure. Exploration for the point of maximum signal indication is effected by mov-
ing the receiving antenna alone. After the interior of the enclosure has veen explored, the
receiving antenna is taken outside and the specified area (dg) in front of the enclosure wall

is similarly explored. The tran.mitting antenna remains at the original distance dictated
by the test setup; consequently, in this particular test distance d 4 and d5 do not remain

equal in going from the wall-in measurements to the wall-removed measurement. As in
the case of the other tests described in this section, the signal source can be located any-
where outside the enclosure at the prescribed distance from the enclosure wall. However,
after the point of maximum signal has been found for the wall-in measurement, a somewhat
truer indication of the enclosure's performance could be obtained if the wall-in measure-
ments were repeated with the signal source relocated in line with the point of maximum
signal determined in the first set of measurements. This new maximum should then be

the one used for comparison with the wall-removed measurement to determina the shield-

ing effectiveness cf the enclosure.

Plane Waves Above 1000 mc (Microwaves)

In the test applying to plane waves above 1000 mc (figure 20), the maximum as weil as
the minimum shielding effectiveness should be determined and both values recorded. This
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is recommended procedure for the testing of double-shield type enclosures because of
the considerable variation in the reflection-loss component of shielding effectiveness at
microwave frequencies. As explainud in section I of this report, the variation is caused
by the fact that the separation of the shields can amount to odd multiples of \/4
and multiples of A\/2 at certain {requencies within this reglon and can cause the reflec-
tion loss contribution to over-all shielding effectiveness to vary anywhere from +0 db to
+70 db (maximum). For the same reason, minute variations in the nominal 1-inch shield
separation distance (caused by unavoidable enclosure fabrication discreparcies and, for
screened enclosures, normal shield sag and bellying) produce comparable variations in
shielding effectiveness. At 10,000 mc, for example, a 0.3-inch variation in the 1-inch
shield spacing can represent a variation in shielding effectiveness of 50 db.

Because of these variables, results of shielding effectiveness tests are less defin-
itive and more difficult to repeat at microwave frequencies than at the lower frequencies
(see shaded area of figure 8); thus the necessity for testing for both the minimum andthe
maximum shielding effectiveness. Two methods are suggested: (1) determining mini-
mum and maximum sh'elding effectiveness by using several test frequencies spaced
3000 to 8000 mc apart, and (2) using a single test frequency and determining minimum
and maximum shielding effectivencss by varying the enclosure shield spacing (dy of fig-

ure 20) during the wall-in measurements. This can be accomplished readily for screen
rooms and light-gauge sheet metal enclosures by a slight pushing together and pulling
apart of shields S{ and Sy at each measurement point. (Otviously this method cannot be

used in tests of enclosure whose shield stiffness i< such as to prevent sufficient shield
movement.) With either method, the lowest minimum and highest maximum recorded
should be used for the final determination of the enclosure's minimum and maximum

shielding effectiveness.

The suggested test setup components of figure 20 include radar transmitters as sig-
nal sources. A radar signal source should be located far enough from the enclosure to
prevent the source from being damaged by reflected energy. The actual number of atten-
uators required for the test setup of figure 20 is dependent upon the attenuation provided
by the particular type of units used and by the expected maximum shield effectiveness of
the enclosure under test. The directional coupler and dummy load are included in the
test setup to prevent signals from a high-intensity source from exceeding the power rat-
ing of the attenuators, but can be eliminated during wall-in measurements if desired.
They can be eliminated for the wall-removed measurement also if the average radiated
power of the signal source does not exceed the rating of the attenuators by mor= than two
or three times and if operation of the source can be limited to not more than 30 seconds
and repeated, where necessary, at intervals of not less than 1 minute.

The directivity of the horn-type antennas used in this test permits a possible aiter-
native wall-removed method ir which a portion of the enclosure wall is removed literally.
This simply involves placing the antennas at wall-in measurement distances on either side
of the enclosure door and then opening the door for the wall-removed measurement. The
use of horns also simplifies the making of the case-leakage test. In this instance, the sig-
nal can be removed effectively from the input of the attenuators and detector by placing a
metal plate over the mouth of the receiving horn.

NADC TEST RESULTS

The NADC-AEEL Takedown Cell-Type Scréen Room was tested in accordance with
the methods described above. The following test equipment was used:
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Low Impedance Ficlds (Magnetic Ficlds)

DZ-2 Radio Receiver
AN/PRM-1 Field Strength Meter
AN/ART-13 Transmitter, 0.2 to 18 mc, 100 w
General Radio Company Model 805A Signal Gene ‘or
Rollin Company Model 20 Signal Generator
Peak-power magnetic field source shown in figure 11 of appendix
Radiating and receiving antennas described in {igure 17
50-ohm L and N attenuators (Western Electric Company No. K8-
953462 and KS-655098)
Sheet copper enclosures to shield test instruments when necessary
50-ohm cables and connectors
Test Frequencies = 18 kc, 200 kc, and 10 mc

High Impedance Fields (Electric Fields)

BC-348Q Radlo Receiver

Ferris Instrument Corporation Mode! 32A Field Strength Meter

Ferris Instrument Corporation Model 32-XA3 and 32-XA4 Attenuators

AN/PRM-1 Field Strength Meter

AN/ART-13 Transmitter, 0.2 to 13 nc, 100 w

General Radlo Company Model 805A Signal Generator

Rollin Company Model 20 Signal Generator

Peak-power electric field sources shown in {igure 25

41-in. rod antennas described in figure 18

Sheet copper enclosures to shield test instruments when necessary
Test Frequencies ~ 18 kc, 200 kc, and 18 mc

Plane Waves

AN/URM-28 Receiver

TS-587/U Field Strength Meter

Measurements Corporation Model 58 Field Strength Meter
AN/URM-17 Field Strength Meter

AN/ARC-1 Transmitter, 116 to 150 mc, 5 w

AN/ARC-12 Transmitter, 225 to 350 mc, 6 w
RT-178/ARC-27 Transmitter, 225 to 400 mc, 20 w
AN/APX-6 Transponder

Peak power 400-mc source shown in figure 26
AT-275/URM Antenna

AT-141A/ARC Antenna

AT-49/APR4 Antenna

AS-133/APX Antenna

50-ohm L and N attenuators (Western Electric Company No. KS-

953462 and KS-655098)
Sheet copper enclosures to shield test instruments when necessary

50-ohm cables and connectors
Test Frequencies = 134.68, 233.8, 399.9, and 952 mc

=19 -
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Plane Waves at Microwave Frequencies

TS-148/UP Spectrum Analyzer
AN/APS-4 Radar 9375 55 mc, 40 kw pulse power
AN/APS-42 Radar 9389 +10 mc, 40 kw pulse power
AN/APG-30 Radar 9375 40 mc, 5 kw pulse power
AT-39/AP Horn Antenna
AT-245/APC-30 Horn Antenna
AT-213/UPM Horn Antenna
TS-108/AP Dummy Load
CU-217/U Directional Coupler
Polytechnic Research & Development Company constant and variable
wave-guide attenuators
Coax-to-waveguide coupler
RG-9/U Cable, 0.4 db loss/foot at 10,000 mc

Test Freyuency = 9375 nic, nominal

Some 10 rooms were tested during the course of the project. Four of these were at
least six years old, had been used continuously, and had been disassembled and assem-
bled for relocation at leasi elght times during the six-year period. Data obtained in tests
of the six-year-old rooms were used {or plotting the typical performance curves shown
in figure 8. New rooms were also tested and a comparison of data obtained in tests of the
new and the old rooms showed negligible differences in shielding effectiveness, not more

than 2 to 3 db.

A study of all the test data obtained showed that the NADC-AEEL Takedown Cell-Type
Screen Room provided an average shielding effectiveness of 100 db from 0.15 to 10,000 mc.
Plots of test curves agreed with the theory in that the shielding effectiveness of a screen
room is a variable quantity influenced by numerous factors such as wave impedance, dis-
tance from signal source to room, wire diameter of the screening material, percer.tage of
open area afforded by the screen mesh, and the spacing between screens. (These factors
were discussed in detail in section I.) Inspection of the typical over-all curve of figure 8
shows a decrease in shielding effectiveness below the 100-db average at both the low- and
high-frequency ends. The decrease at the low-frequency end occurs when a magnetic-
field source is as close as 12 inches from the room. The decrease at the high-frequency
end occurs when the screen spacing becomes a multiple of A/2 of the frequency.

Considerable effort was made to test the NADC-AEEL room under more stringent
conditions than those encountered in most plant and laboratcry screen room environments;
therefore, the minimum (rather than maximum) shielding effectiveness was determined
for each type of field. Twelve inches was used as the source-to-room distance for mag-
netic fields and electric fields. This distance was chosen primarily to provide a severe
test for magnetic fields (the most difficult field to shield against) and it was felt that 12
inches was considerably less than existing source-to-room distances for this type offield
in the majority of screen room instaliations., The 12-inch distance was an arbitrarychoice
but, since it was also used for electric fields, proved to be a reasonable choice. A dis-
tance shorter thar 12 inches results in lower shielding effectiveness for magnetic fields,
but higher shielding effectiveness for electric fields; conversely, a distance greater than
12 inches results in higher shielding effectiveness for magnetic fields, but lower shielding
effectiveness for electric fields. The room provides much greater shielding effectiveness
for electric fields than for magnetic fields at all distances. This is caused by the facttnat
the wave impedance for electric flelds decreases with the increasie in distance but never
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drops to 377 ohms. The wave impedance of magnetic fields is always less than 377 ohms
and therefore the curves for magnetic and electric fields could never meet, as such,
since the field would be essentially that of plane waves at the meeting point. (Magnetic
fields and electric fields predominate for screen room environments only up to about

20 mc.)

Tests of the NADC-AEEL room in the microwave region demonstrated the consider-
able variation in shielding effectiveness caused by the effect of slight deviations of the
nominal 1-Inch screen spacing at these frequencies. At 9375 mc, for example, measure-
ments of shielding effectiveness varied from 70 to 130 db for a change in screen spacing
of the order of )\/4 . Since the screen cpacing could not be maintained precisely, it
was purposely varled during the tests to obtain t.th minimum and maximum shielding
effectiveness, (See previous description of test for plane waves at microwave frequen-
cies.) No tests were made of the room at 3000 mc because radar equipment operating
at this frequency (e.g., thc AN/APS-20) was unavailable during the period of the tests.
However, it was considered that sufficient satisfactory data was obtained at 1000 and
10,000 mc to approximate the shielding effectiveness of the room at 3000 mc. The shad-
ed area of figure 8 indicates minimuin and maximum shielding effectiveness in the region
between 1000 and 10,000 mc and is based on the measurements at 1000 and 10,000 mc and
on calculations. Had it been possible to maintain the screen spacing at exactly 1 inch, the
shielding effectiveness curve would lie within this area, as indicated, with maximum
shielding effectiveness occurring at about 2050 mc, the point where a 1-inch spacing
would equal )\/4 . This is illustrated by figure 27 which presents calculated shielding
effectiveness data based on an assumed unvarying 1-inch screen spacing

During the microwave tests one of the standard room panels was temporarily re-
placed by an experimental panel constructed with 22-mesh, 10-mil screening instead of
the regular 22-mesh, 15-mil material. At 9375 mc, the shielding effectiveness of this
panel was found to vary from 30 to 80 db. This was in contrast to the 70- to 130-db var-
iation shown by the standard panels at the same frequency and was evidently caused by the
higher intrinsic impedance and higher percentage of open area of the substitute screening.

No test of the room was made in the frequency range from 10,000 to 30,000 mc. How-
ever, the shielding effectiveness at the latter frequency would necessarily be much lower
than 70 db; possibly as low as 25 db. At 30,000 mc, the reflection loss contributed by the
screen spacing probably would not amount to more than 30 db and the average over-all
shielding effectiveness should therefore run somewhere between 25 and 55 db.* A decrease
in shielding effectiveness is'to be expected at this frequency since the size of the openings
in the screening approaches that of the wavelength. Some decrease also would be attribu-
table to an increase in the impedance of the screening at this frequency.

During the test program it was found necessary to carefully check attenuators and
detectors for r-f case leakage /signal pick-up through the case), This concerned operation
of these wuits both inside and outside the screen room. In several instances it was dis-
covered that the pick-up through the case of a unit exceeded that provided by the input. The
difficulty was corrected by placing such units inside a shielded copper case (figures 22, 23,

and 24).

* Where higher values are required, screening must be replaced by solid metal sheets.

Sheet metal rooms caii theoretically provide a shielding effectiveness of severai
hundred db at these frequencies, the exact value being impossible to measure be-
cause of the limitations imposed by the dielectric strength of air.
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SECTION IV

ESTIMATED COST OF SHIELDED ENCLOSURES

AND

LIST OF ENCLOSURE SUPPLIERS

ESTIMATED COST

Shielded enclosure costs are determined primarily by the price of the n.aterials in-
volved and the prevailing wages of skilled labor. Enclosure costs can be estimated from
the following list which presents typical, current prices of various types of commercial
enclosures. The prices include profit and overhead and are based on volume production.
If built by the user, the unit cost for any one of these types would probably run 50 per-

cent more.

Type
No.

Banic Design
and Size

1.

Takedown, cell-
type design us-
ing 32-in. pan-

els. BEnclosure
dimensions: 8 by
7 by 16 £t

Same as Type 1.

Same as Type 1.

Same dimensions
and panelled
construction as
Type 1, but with
single instead
of double walls,

Same as Type 4.

a4

Type of Shielding and
Shielding Material

Typical
Selling Price

Double-shield; 22-mesh,
15-mi11, copper screen-
ing

Double-shield; each shield
of 10-mil, solid sheet COP'
per (or 3-mil "Sisalkraft')#

Double-shield; one shield of
10-mil, solid sheet copper
and one of 10-mil solid
sheet iron (galvanized)

Single-shield; 22-mesh, 15-
mil, copper screening

Single-shield; 10-mil, solid
sheet copper

-8 -

£2200

#2000

$1900

$1100

$1000

#  "Sigalkraft' = heavy tar paper containing 3-mil copper deposit.

The above prices do not include power line filters, test tables, or other accessories.
Costs of suitable power line filters are as follows:
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Mfr Type Electrical Prequency Typical
(or equivalent) Rating Renge Selling Price
Hopkins Engineering 100 amp, 500 V  0.014% to 1000 mc 90
Co. Type No. 109
Piltron Company, Inc 50 amp, 250 v 0.014 to 1000 mc 590
Type No, PFSR-200
Tobe Deutchmann Corp. 100 amp, 500 V  0.15 to 1000 mc 70
Type No. 1180-2
Tobe Deutchmann Corp. 100 amp, 500 V above 1000 mc $90
Type No. 1457
NOTE: The above filters can be operated at power frequencies up to
cps.

It should be noted that the list of room costs does not include costs for double-shield
roowns of isolated-shield construction or costs for non-takedown, integral-unit rooms.
Isolated-shield construction increases the cost of takedown-type rooms by about 30 per-
cent and the improvement in shielding effectiveness is negligible where it s most need-
ed, that is, for magnetic fields at frequencies below 1 mc. If constructed by the user,
non-takedown rooms (with or without isolated shields) can be constructed at a cost 30 to
50 percent below that of the takedown types. Where such a room is built on the user's
premises by an outside contractor, it frequently enters the "custom-built'"' category an
the cost may equal or exceed the cost of commercially-produced standard takedown types.

Referring to the cost list for various types of rooms, it is pointed out that the use of
"8isalkraft" as a substitute material for the 10-mil sheet copper (in room type No. 2) will
not appreciably lower the cost. Also, the "Sisalkraft'* has less rigidity and puncture re-

sistance and provides less shielding effectiveness.

SUPPLIERS OF SHIELDED ENCLOSURES

Shielded enclosures have been produced commercially since 1948 and at the present
time there are several concerns devoted exclusively to the manufacture of this type of
equipment. All of these concerns concentrate primarily on production of the basic NADC-
AEEL takedown cell-type design. However, several have developed various construction
refinements and detail improvements and at least two companies produce solid sheet metal
rooms in addition to screen rooms. Some manufacturers will undertake the construction
of non-takedown rooms, on special order, and ail will supply consulting services to labora-
tories and industrial plants on shielding and filtering problems.

Advertisements by suppliers of shielded enclosures appear regularly in issues of
"Electronics," "The Proceedings of the LR.E.," "Electrical Equipment," etc. Some of the

known suppliers include the following:

Ace Engineering and Machine Company, Inc., Philadelphia, Pa.
Ark Engineering Company, Philadelphia, Pa.

Eleciro-Search, Philadelphia, Pa,

General Laboratory Associates, Inc., Norwich, N. Y.

Erick A. Lindgren and Assoclates, Chicago, Iil.

Rodman H. Martin Company, Inc., Philadelphia, Pa,

Shielding Incorporated, Riverside Park, N, J.

Semawn -
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SECTION V
CONCLUSIONS AND RECOMMENDATIONS

CONCLUSIONS

The following conclusions are based on the theory and design considerations, the de-
velopments, and the tests and evaluations assoclated with this project.

Theory and Design

1. Fundamental shielding theory is based on an analysis which considers two cur-
rent filaments encased in a cylindrical shield (or a point source at the center of a spher-
ical shield) surrounded by free-space conditions. However, this analysis also provides
a satisfactory approximation for use in determining the shielding effectiveness offered
by plane-surface shields under limited free-space conditions. The theoretical calcula-
tions, correction factors, and tables presented in this report provide a reasonable recon-
cilation between theoretical and practical considerations and make it possible to predict
maximum shielding effectiveness for various shielding materials and enclosure designs.

2. The shielding efiectiveness of a shielded enclosure is a variable quantity that
depends on numerous factors such as:

a. Type of field.
b. Wave impedance.
c. Signal source-to-shield distance,

d. Type of shielding material, its thickness, and percentage of opcn area (this
latter factor applies to screening material and perforated metal sheet).

e. Enclosure type (single-shield, double-shield cell-type, or isolated
double-shield).

f. Shield separation (applies to double~shield enclosures).
3. In general, the necessary steps for estimating the shielding effectiveness of an
enclosure by means of the theoretical calculations and tables of this report are as fol-
lows:

a, Consider the test frequency f.

b. Determine the relative conductivity G and the relative permeability . of the
shielding material,

¢. Calculate the penetration loss A.

d. Calculate the intriasic impedance of the shielding material Zg.

e. Calculate the wave impedance of the field zw for electric fields, magnetic
fields, and plane waves.

—a o —
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f. Calculate the reflection loss R.
g. Apply correction factor B when A < 10 db.

h. If spaced double shlelds are used, calculate the added reflection loss R’
caused by the shield separation,

{.  The total shielding effectiveness S of the enclosure wlll be expressed by
S=R+A +B+R Indb,

4. Penetration loss should not be regarded as the only factor contributing to shiela-
ing effectiveness. In some instances penetration loss inay be equalled or even exceeded
by the reflection losses occurring at each surface of a shield. (it should be remembered,
however, that reflection loss values require correction by application of the B factor i
the shield's penetration loss is less than 10 db.) Penetration loss decreases for solid
metal barriers as the frequency decreases and is independent of the type of field involved.
On the other hand, reflection loss may either decrease or increase with frequency depend-
ing on the type of field involved. Reflection loss decreases for magnetic fields as the fre-
quency decreases. For electric fields and plane waves, reflection loss increases as the

frequency decreases.

5. Except for magnetic fields at low frequencies, shield separation considerably in=-
creases the over-all shielding effectiveness o! double-shield enclosures. This is based
on the theoretical analysis of the effect of shield separation developed under this project
and presented in section I of this report. It is felt that the NADC analysis, which con-
siders the space between shields as a discontinuity in a transmission line and uses trans-
mission line formulas for determining the insertion loss, provides a satisfactory means
of evaluating shield separation in instances where the shielding material is solid (unper-
forated) metal with a penetration loss of over 10 db. Satisfactory experimental proof of
this was considered obtained for plane waves at microwave frequencies and there is no
reason to doubt the validity of the analysis for plane waves at lower frequencies and for
electric fields. However, proof of the validity of the analysis remains to be made for low-
frequency magnetic fields (below 1 mc for copper and below 12 mc for iron). Aleo, fur-
ther work ie needed to produce a theoretical analysis and a formula for determining the
effect of shield separation for solid shields of less than 10 db penetration loss per shield

and for screening material.

6. Where a wide range of frequencies is involved, increasing the shield separation
for double-shield enclosures from the standard 1-inch spacing to 4 inches will not mate-
rially improve the shielding effectiveness.

7. Theoretically (as shown in the text), for various fields and frequencies, a compar-
ison of the effect of shield separation in double-shield enclosures of cell-type construction
and those of isolated-shield construction (both types constructed of solid shields affording
greater than 10 db penetration loss per shield and utilizing 1-inch shield separation) will
show the shielding effectiveness characteristics indicated below:

a, Magnetic Fields - Shield separation in both types contributes very little to
over-all shielding effectiveness in the case of magnetic fields at low frequencies (below
1 mc for copper and below 12 mc for iron). The double shields of ceil-type enclosures
are effectively connected together to form a single shield at these frequencies, because

-8l-
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the panel width is negligible in comparison with the wavelength. Consequently, a cell-
type enclosure should provide shielding effectiveness comparable to that of a single-
shield enclosure constructed of shielding material of twice the gauge. On the other hand,
the double shields of an isolated-shield enclosure arc not connected at any point and the-
oretical considerations indicate that the shielding effectiveness realized may be about

3 db below that provided by cell-types.

b. Electric Fields and Plane Waves - Shield separation contributes consider-
ably more to over-all shielding effectiveness for isolated-shield enclosures thanfor cell-
type enclosure for electric fields and plane waves ir the region below approximately
20 mc and, to a lesser extent, above 20 mc. In this respect, isolated-shield construction
is superior to cell-type construction. However, the superiority of isolated-shield con-
struction in this reglon {8 somewhat superfluous since generally adequate shielding cf -
fectiveness against these fleids is provided by either type through penetration and reflec-
tion loss regardless of shield separation. The shields of cell-type enclosures become in-
creasingly isolated with an increase in frequency and performance differences between
the two types of construction therefore tend to disappear at the higher frequencies.

c. Plane Waves at Microwave Frequencies - At microwave frequencies, the ef-
fect ol shieid separation for a cell-type enclosure is essentially the same as that for an
isolated-shield type; the cell-type enclosure shields become effectively isolated when the
width of each panel section (cell) becomes much larger than the wavelength. At these fre-
quencles there Is a considerable increase In shielding effectiveness (as much as 50 db)
when the spacing of the shields becomes an odd multiple of A\/4 and a slight decrease of
-3 db when the spacing becomes a multiple of A/2.

8. Inside a shielded enclosure, regardless of the type of design used, reflections
will always be present and the enclosure may become a cavity resonator at several fre-
quencies. Measurements made of an electromagnetic field inside an enclosure will vary
greatly because of the presence of reflections and standing waves. Such measurements
cannot be easily correlated with measurements made under free space conditions. In
order to obtain meaningful and repeatable results, it will be necessary to place the pick-
up antenna in such a position as to record the maximum induced voltage. Reflectionsand
standing waves at any one frequency can be minimized by the use of absorbing materials
and by changing the shape and size of the enclosure.

Construction

1. Single-shield enclosures are inferior to double-shield enclosures for most gen-
eral purpose applications. Double-shield enclosures, in addition to offering extra shield-
ing effectiveness through the shield-separation effect, also offer extra protection from
leakage in the event that one of the shields is accidentally punctured.

2, The joints and seams in the shielding material of a shielded enclosure are the
most critical areas of possible r-f leakage. Regardless of the type of construction used,
the shielding effectiveness characteristics of an enclosure will largely depend on how low
an r-f impedance bond is present at the joints and seams.

3. Permanently-constructed non-takedown enclosures are the most difficult type to
construct because of the problem of achieving adequate joints and seams; this is particular-
ly true for enclosures constructed of solid sheets. Such enclosures can be constructed pro-
perly only by skilled personnel. Joints and seams of the completed enclosure are usually
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not accessible for inspection, cleaning, or repair. Once constructed, enclosures of this
type cannot be moved successfully to a new location. Similarly, permanently-constructed
enclosures cannot be torn down and rebuilt successlully, Early obsolescence is general-

ly unavoidable with this type of enclosure.

4. Takedown-type enclosures can provide effective low r-f impedance bonds at all
panel joints and (after the component panels have been precision fabricated) can be as-
sembled, disassembled, and serviced by relatively untrained personnel. Panel joints are
readily accessible for inspection, cleaning, and repair. Takedown enclosures can be dis-
assembled and reassembled in a new location as the occasion demands.

5. Double-shield takedown enclosures of cell-type construction are simpler to build
and require less material (framework members, bolts, pressure plates, etc.) than those

of isolated-shield construction.

6. In general, present laboratory and industrial requirements for shielded enclosures
are adequately met by takedown cell-type screen rooms constructed in accordance withthe
NADC-AEEL basic design. The NADC-AEEL room provides an average shielding effec-
tiveness of 100 db from 150 kc tv 10,000 mc. At 200 kc, in the most severe tases of mag-
netic {ields, the shielding effectiveness averages around 70 db and shielding effectiveness
varies between "0 db and 130 db at 10,000 mc. Above 10,000 mc, however, shielding effec-
tiveness falls rapidly to below 50 db. Rooms of this type possess the following advantages:

a., They can be assembled quickly by relatively untrained personnel.

b. They can be disassembled readily for inspection, cleaning, repairs, reloca-
tion, or storage.

¢. They can be made larger or smaller by the addition or subtraction of the
proper number of panels.

d. They can be adapted to include special services such as forced-air ventila-
tion (through waveguide-type attenuators), externally-powered drive shafting, etc.

Materials

1. Panel framework Material

a. Wood is the most satisfactory material for the panel framework of takedown-
type enclosures. The resiliency of wood frames contributes considerably to the achieve-
ment of low r-f impedance bonds at joints between panels by distributing assembly-bolt

pressures and affording misalignment takeup.

b. Metal frames are not practical in their present state of development. Metal
frames possess little or no resiliency and low r-f impedance bonds between panels of an
assembled enclosure are very difficult to achieve, even with panels individually fabricated

to extremely close tolerances.

~

2, Shielding Material -

a, Screening material approaches the shielding effectiveness of solid metal

sheets as the frequency is lowered and as the open area of the screening is reduced. The
22-mesh, 15-mil, copper screening specified for the NADC-AEEL screen room represents
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a compromise cholce based on maximum shielding effectiveness, maximum frequency
range, and maximum utility, Screening of finer mesh (of either copper or galvanized
iron wire) will increase shielding effectivencss at all frequencles, but the fine mesh will
tend to make the room airtight and a forced-air ventilation system will be required as
in the case of sheet metal rooms. Screening of coarser mesh will reduce the room's
shielding effectiveness, especially at high frequencies.

b. In general, screening material provides a fairly high percentage of penetra-
tion loss, As In the case of solid sheet material, screening must provide penetration loss

in order to provide reflection loss.

c. Galvanized iron screening (hardware cloth) provides a little more shieldiag
effectiveness than copper screening at low frequencies, but less shielding effectiveness

than copper at microwave frequencies.

d. A double-shield enclosure of 22-mesh, 15-mil, copper screen!ng cannot pro-
vide 100-db shielding effectiveness for frequencies as high as 30,000 mc. For these fre-
quencles, solid sheet material of adequate thickness must be used.

e. A double-shield enclosure of 22-mesh, 15-mil, copper screening cannot pro-
vide 100-db shielding effectiveness for the most severe case of magnetic fields at frequen-
cies as low as 10 kc. Solld iron sheet of adequate thickness should be used for these con-

ditions.

f. Heavy single shields of solid metal (e.g., 300-mil, » = 1000, iron, 81-mil Mu-
metal, 79-mil Permalloy, or 56-mil Hiperrik) are necessary to provide 100-db shielding
effectiveness for severe cases of magnetic fields at 60 cps. Shields of this type will also
provide 100-db shielding effectiveness for the higher frequencies up to and beyond 30,000

mc.

g. For small enclosures, the psychclogical factor of claustrophobia should be

“taken into account when choosing between screened types and those constructed of solid

sheet material. Occupants of sheet metal enclosures may be affected by claustrophobia
since the solid shields cut off visual and acoustical contact with the outside.

3. Power Line Filters

a, The choice of proper power line filters to meet the shielding effectiveness re-
quirements for any given shielded enclosure is a separate consideration from that of the en-
closure itself and can be determined after the enclosure design parameters have been work-

ed out.
b. Power line filters are commercially available for most attenuation needs. For

special cases, existing commercial types can be used in various combinations or can be mod-

ified to suit.

Enclosure Costs

1. If constructed by the user, non-takedown enclosures cost approximately 30 to 50

percent less than the takedown types. However, the freedom from early obsolescence of
the takedown enclosures, plus their greater utility and adaptability, more than compensates

for their higher initial cost.
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2. Double-shield enclosures of cell-type construction cost considerably lecs than
isulated-shield types and adequately meet the normal shielding requirements of industri-

al plants and laboratories.

Test Methods

1. Significant testing for shielding effectiveness demands the recognition and care-
ful control of all factors influencing the test setup, regardless of the test method employ-

ed.

2. The insertion-loss test method developed under this project provides for maxi-
mum contro!l of existing test conditions and makes for repeatable results in repeated tests.
The method is equally valid for measurements of ratios of real powers, apparent powers,
voltages, or currents. For production testing of enclosures of identical design and con-
struction, the insertion-loss method can be confined to a test for magnetic fields at a
single spot frequency of 200 kc. (Magnetic fields in this region provide the most severe

test for shielded enclosures.)

3. The so-called ""attenuation method" of testing shielding effectiveness is not rec-
ommended because its several uncontrolled variables can lead to different results depend-
ing upon whether a ratio of real powers, apparent powers, voltages, or currents is being

measured.

4. The surface transfer impedance method is not recommended because it evaluates
penetration loss alone and applies only over a limited frequency range.

Enclosure Specifications

1, Design, construction, and test specifications for shielded enclosures should be
based on a fundamental enclosure design that has been subjected to an extensive test and

L{ evaluation program over a period of years.

2. Widespread adoption of the NADC-AEEL Takedown Cell-Type Screen Room by
government agencies and private industry, together with volume production of the room by
several manufactur _rs, qualifies the basic design for consideration as the primary stand-
ard in the preparation of shielded enclosure specifications. Over 1000 of these rooms are

now in use throughout the country.

3. In the absence of other acceptable methnds for determining shielding effective-
ness, the detailed insertion-loss test method developed under this project merits primary
consideration for use in shielded enclosure test specifications.

RECOMMENDATIONS

1. Adopt the basic design and construction of the NADC-AEEL Takedown Cell-Type
Screen Room as a military standard for use in evaluating shielded enclosures and screen
rooms. Regardless of initial performance, reserve approval of any other design as the
standard until it has been extensively tested and evaluated over a period of years.

2. Adopt the NADC-AEEL detailed insertion-loss method for determining shielding
effectiveness as the basis for a military standard.
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3. Approve proposed Specification No. MIL-S-4957(Aer), based on the resuits ob-
tained under this project, for use in the procurement of shielded enclosures and screen
rooms and recommend its adoption by the military services.

4. In a further study of shielded enclosures the following should be investigated:

) a. Davelop practical formulas for screening material to give the intrinsic im-
pedance and thickness of an equivalent solid metal barrier that would provide the same
shielding effectiveness as the screening. The shielding effectiveness of the equivalent
barrier then could be calculated by means of the basic formulas of this report.

b. Develop a formula for use in calculating the effect oi shield separation for
double shields affording less than 10 db penetration loss per shield; experimentally com=-
pare the over-all shielding effectiveness produced by two such separated shields of a
given shield thickhess with that produced by a single shield of twic= the thickness.

c. Experimentally determine the differences ir. shie'ling effectiveness between
double-shield enclosures of cell-type construction and those of isolated-shleld construc-
tion in order to obtain a check for the theoretical analysis presented in this report. The
experiments should test both sheet metal and screened enclosures.

d. Investigate the possibility of reduclig to a minimum the reflections and res-
onances inside an enclosure by changing the enclosure shape and size, and by lining the
enclosure interic * with absorbing m: srials.

e. Measure the shielding effectiveness of cell-type shielded enclosures at dis-
tanct frequencies where the width or length of a single panel (or the width, length, or height
of the entire enclosure) becomes an odd multiple of a quarter wave, or a multiple of a half
wave, These tests are consldered necessary to determine if there are any pronounced
changes in the shielding effectiveness similar to the changes found at microwaves due to
the distance separating the inner and outer shields.
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CORRECTIONS AND ADDITIONS

The research and investigation phases of the project involved extensive use and anal-
ysis of the shielding literature included in the above list. As a result of this, it is be-
lieved that four of the references require corrections or additions as indicated below:

Reference and
Page Number

Ref (f), p 18

Ret (f), p 36

Ref (f), p 36

Ref (h), p 10

Ref (k), p VII-3
of Appen-
dix VIII

Ref (rr), pp 10 and
12

Equation or
Expression

Wave {mpedance Zl
and 22

Equation (50a)

. | Al
Equation M = I:l K

Equation (12)

Equation (2)

;

Equations 1, 2, 3, and 4

Correction or
Addition

Indicate that Z.l and zz
are expressed in vector
form

Change -2 t' to -2(a +jB)t'
to correspond to equation
(23) of this present report.

2
1+k
ChangetoM:[l_k]

Change the second term to
correspond to equation (25)
of this present report.

Change the second term to
correspond to equation (25)
of this present report.

Include the B factor as
given in equation (25) of
this present report.

REFERENCES AND BIBLIOGRAPHY CLASSIFIED ACCORDING TO SUBJECT

The shielding literature included in the previous list of references concerns the fol-
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References: (d), (e), (), (g), (s), (1), (u), (v).

2. Transmission Line Theory

References: (e), (g).
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